e’

[
l

Classified

Scientific

CLASSIFICATION CHANGE

Document Mas
and Technica

Yo e
FOQT IO
FOS LI SIViL

(/@ﬁgéfé?

ate Ny
or Control Statiof, NASA
1 Information Faollity
= ‘. - )F ‘A . _""".—"\, e e
MISSION “iC N~ So o -
(Rﬁhmxgﬁj;p.”vu*h" ‘}j\
- T Olmer, .
-
National ~
wal Aercrauviics wnc
auu.ce enc Space Adminismetion

[
Vi
[oN
[0}
=
Q




)
() v P o, Q
o - can ot .
P R 2 PARE =T 19}
AN g}
_ ) 19}
. () ! t
) o 1 5 i S a
[ N () yy ]
ca 1 0 ..‘ O -4
. SN h :Q. (o]
(ﬂ ) m; m e C
oot et O eyoid 1
o, el ' Loy 3
L, A0 Mu ol - o
w W N EREEEK %
SRS TR iy i D
¢ ( ) [9) T,
b Qo3 _.,_W \. IS i3 i
Y o, oo o © S
S T oo G 1O 9
0 A T g9 b
i G, O £ ©
n 55 .0 00 29w —
s ¢ v = Qy.w er b n Fq O]
" i 1NJ %u - AW ‘ v_ W 3 %
- s ouq O ) N c
E o 0 77 ‘ ) 3 43
o 5 2 0 9y g ! 3 ; 0
B 4 N .t v o R “
SOl 2 95 RGNS 0
v .4 0, a . SIs) e
: L n.w My owy o o , ﬁ
o Q< Lo ) !
| . S £ o MJ . H\. .\ . !.mu. !
. : : . I .
) o Q4 m :w O w.A. : :
o HY om 5
SRS R T Wt B B
Y £ .mm A= B S m_ o )
e o B G N o i1 C
) s 8 90 3 e
5 Eea g B 0 ”
g0y oo 0a REING b
RSO RPN ARSI iy
o R0 00 oo O L3
[OREE ) o 16} Q D 3
oug O - Q003 2 o]
§ i} m e d
- O - YD o
& RGPS B S O]
o« ; St b o W&
a wy on, (o 0
0 o Ly o=
et s Q N —~ m
e [ONNEed 0
i 15 o O L3 g > Q9
o & o A .ﬂ N b Q
‘ 92 A 1o w.v. Ny mo
i o NG I [
4o 9 73 Yoy 4
Qoo 5 « 9 oma
ISTINY - o 8
Sy Ac» 10) . Q, 2
’ [ . ot 5] AR o}
T S E » A
R S N S UG N o O oo '
' D} 3 L‘ mw ..«.A ;r; B
= [} :




-
Ny BN

N
N T s
(SRR S 1 98

T e o

)

- - - . N - -
P e T - S DN

PR S T - S
\.‘..\,‘J._\":)l:; G t.le

e ey 7
e e _,,:’&.m_'.;\;.”., A

(SRS

PO PR







S
- . ~ v . - . v
~ ~ B - B v ~ . .
— - — -
. — . e e s . . -
i T L O — . .
. - LT n7
s - R -~
- . - “ . .
B2 i . o
AN Yo T o . .
P, - - - -




iy
3 : > >
i
, , o .
4o
,v
. N . s
'
|
. N N .
t o s
s N >
s a
7y N » H
y :
i
.
<,
o I
. -
P
§
, .



13,

14,
15,
16.
17,
18.

/) ‘ﬁ' R N

LIST OF TABLES

Launch Accuracy Requirements for Lunar Missions .

Takeoff Penalties Imposed by Midcourse Corrective
M3NEUVErS: « « s o o o o o o o o &

Effects of Particulate Radiation on Material
Components . . « « « o ¢ o o o o &

Environmental Effects on Maferials e e e« e s e
Primary Mission/Secondary Mission/Event . . .
Apollo Mission and Event Sequences . .. e e e e

An Analysis of Guidance System Accuracy State-of~-
the -AI_tS . . L] L) L] L[] . . L] * * L] L] L]

A Summarization of Guidance Requirements for the
Farth Launch and Orbit Mission. . « .« « .+

Analysis of Rendezvous Tracking Accuracy
Capabilities and Requirements . . . « « .+

Error Sources and Uncertainities for Orbital Docking .

Analysis of Docking Guidance Requirements and
State"Of-the‘AI'tS . [ [ . . [ . . . L .

Allowable Errors in Orbital Launch Conditions for
Translunar Flight. . . . . « « ¢« « « =« .

A Summarization of Allowable Errors in Orbital Launch
Conditions for Translunar Flight. . . . « .+ .

~ Earth Orbital Lunar Launch Guidance Accuracy

Requirements . « + ¢ o« ¢ o o - o o o .
Effect of Lunar Launch Errors on Perigee . . . . .
Recommended Prog;am Support Investigations . . .
Control Area/Mission Relationships . . . . &+ .
Probabilityof Use .« « « « o « o o ¢ o o
Ten Second Longitudinal Ullage Control Thrust Pertur-

bation Prior to Orbital Launch . . . . . . .

vi

B

rac

nN

(971

101
10«

114
124
132
163
167

168



19.

20,

21,

22,

23,
24,

25,
26.
27,
28.

SO inie.

Attitude Control Requirements for Transfer and
Rendezvous Priorto Docking . . . . . « .+ .

Major Attitude Control Function During Orbit
Transfer . .+ . « ¢ ¢ ¢ ¢ ¢ e e e e

Capacities Required for Inbound and Outbound
Rendezvous . .« + ¢ ¢« v v o e« o o o

Vernier Velocity Midcourse Correction System Require-
ments for Some Flight Variables . . . . . . .

Maximum Bias Error in Landing Systems . . . . .

NOVA Cluster Reliability for Successful 1st Stage
BOOST. . . . . . . . . . . . . . . Y

Predicted Payload Limits . . . . . . . . . .
Predicted Engine~Out Gimbal Requirements . . . .
S II Stage Controllability One Control Engine-Out 100%

Per Cent Longitudinal Thrust Remaining after 6© Control
Malfunction is Corrected by Gimbaling Remaining
Engines, SIStage . . . « ¢« ¢ « « « . .

Expected Orbital Stay Times . . « +« &« o « + .
Cape Canaveral Wind . . . . + « .« « + . .

Primary Mission/Secondary Mission/Event . . . .

vii

Page

169

171

170

176
180

187
188
189
19:

192
194
195
238



I. INTRCDUCTION

1.2 .. Ol the most pressing objec:iives of the National Aeronautics
: . inistration is the successiul accomplishment of manned
noon wits

nin the ot too distant future. T#e ensure effec-
- o andnii: ceordinated plenning and direction of the launch vehicle pro-
2. oo wais manned lunar mission, it is imporiant that comprehensive
: exist which will provide an understanding of the program ob-
Jooldves., r‘.‘;-“o, the supporiing technology program must be a sound base
re requirements of the launch vehicle program can be met.
5 vlaced on the technical areas of the support program should
7ith the state-oi-the-aris. It is the purpose of the study,
erein, to vrovide the AQVonceﬂ Develcpment Section of the
aunch Vehicle Programs with (a) a set of Technical Area Plans
period 1960~1975, which will include a set of program ob-
jectives and statements of specific problems which must be solved in
h and development, (b)an assessment of the applicability to the
lunar mission of presently funded and supported projects in the
izunch venicle technology b* ogram, and (c)anidentification of critical
/225 in the technology program. lhe effort is being accompllshed under
NAZA contract NASw 340, dated 18 October, 1961.

CLllOLL LS oD oinE

P

1.2 The technical areas under analysis by this contracted study are:

a. Astronautics.

o

Environmental Effects.
c. Guidance.

d. Control.




e. Communication.

f. Ilaterizls end Siruciure Design and Fabrication.
g. Electrical Power Scurces and Distribution.

a. Data Processing.

i. Instrumentation and Test.
i. fpplied Phvsics and Ma thematics.

fropulsicn was not to be covered by this study.

10 NADL fcr review and informal approval. Only four technical areas are
analyned nherein: Astronautics, Environmental Effects, Guidance, and
trol; 2!l technical areas will be discussed in the final report. The
1oelons, pians, and recommendations presented in this report are
S.sjéct o caange; the analyses of these technical areas are not complete
¢.o.oowil. continue unill completion of the contract.

1.3 Jhis report is an interinm {preliminary) report; it is being forwarded

Q)
O
v
i

N The immediate interest of NASA is in the first generation vehicles
L ~eriod 19el-1975, such &s in Sac n C-1, Saturn C-5, and the

n the initial menned lunar missions.

and the technology support program

«.Z a.rcecied toward the reguirements of these first generation vehicles to
is 5 his study considers only research and

t associated with subsequent creneratlon

f (1) accomplishing futuristic missions not

red in this siudy, or (2) undertaking missions considered within

e hi , t which utilize techniques well beyond current

el orojected state-of-the-arts of the time period under question.

LEach technical area was thoroughly investigated; extensive lit-
hes were made for apnlicable information. The NASA Library,.
L57T1E, the Library of Congress, and the ORI Library were used as primary
sources of information in assessing launch vehicle state-of-the-arts and
iréments associated with the manned lunar missions. Appendix A is

& sioliography of the reports utilized and referred to in the contracted
stuay. Only published reports wers utilized in the study; sources of per-
tiinent unsublished information were not contacted because of the lack of

: ¢ lack of authority to undertake such ende.avors.

[N

1.5 The thlal ultimate mission of the manned lunar program is the
manned vehicle. Apollo

or preliminary lunar mission




-tzgyhvs, the primary flight miss:ons include cislunar, circumlunar, lunar
‘ . nd ca .

JRr Jigure 1 outlines the j*os ible combinations and permutations of
L:ight secucnces for the manred lunar missions. Figure 2 outlines, in
¢ judgment of ORI, pro’hable mission ilight sequences for the first
ciocn VSulCleS. The sequencing reilects direct and interrupted

the latter involves orbital rendezvous and docking of the affected
veiicles. The sequences have been commned into groups formmg tasks,
cr secondary missions; the technical area analyses were based on the
TC‘C'UiI‘@;“ciils of tne iaunch vehicles in undertaking these missions. These

artin Launch and Orbit.
. Orbital Rendezvous .
c. Orpital Docking.

d. Orbital Transfer, Assemply, Repair, Maintenance and

Checkout.
€. Eerth Crbital Launcn and Translunar Flight.

. Luner Crbit and Landing.

th

Lunar Launch and Transearth Flight.

(8]

..  Earth Reentrv and Land.

Lo It is pcssible to analyze the state-of-the-art on the basis of the
cmments for each task or more specifically in terms of the technical

zd in each task. Tnais procedure permits the orderly discussion
¢i the results with @ minimum amount of repetition. These tasks or second-
& missions are defined in Appendix B.

.9 Other lunar missions exist beyond the initial manned lunar missions
arziyzed herein. Figure 3 indicates probable spatial missions which will
follow a successful Apollo mission. These missions may be able to uti-

i1 or parts of thefirst generation vehicles discussed herein; perhaps
second or third generation vehicles will be required. An analysis of launch
venicle requirements associated with these subsequent missions should be
conducted. Tne state-oi-the-arts within the appropriate technical areas

d be investigated to establish compatibility with requirements. Al-
~pollo is only in the initial phases of development, planningof the
technological support program for subsequent missions should be under-
taken now to ensure that these missions can be successfully accom iplished

without undue delay.
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ent sections of the report discuss each of the technical
2 secticn contains the respective Technical Area Analysis, the
Pian, and the Technology Support Program Evaluation. The

a
is & discussion of the technical area; state-of-the-arts and re-

cetermined. The technical area plans which resolve the
compatibilities are presented as investigation or task
Zaccws. Those task sheets outline specific investigations to be conducted;
cazch shcet includes a Task Statement, statements of Justification, Present
S ztuc, Criticality, and Mission Applicability, and presents a Reference

: s discussed in the Technical Area Analysis. In lieu of

;e Plans, the time element of the plan is indicated by mission
'ie technology support program evaluations are presented
~u.ar form. The projects are separated into categories—a remark is
;nade re.aiive to each project—general remarks are presented relative to
zach ce.egory.

{




1I, ASTRONAUTICS .

2.1 ~ This analysis considers the problems generated by the extra-

: terresti;éll nature of lunar missions. The areas involved include space

mechanics and cosmology. Some of the problems to be considered con-
cern the basic energy requirements for the various lunar missions; the
accuracy to inject a vehicle into the proper trajectory for lunar circum-
navigation or landing, as well as for safe return to the earth; celestial
navigation, and so forth. Excluded are these problems involving func-
tions performed exclusively by earth based installations.

2.2 It is evident that the problems .under considerations can be

- evaluated only if the basic objectives of the lunar mission.are defined. '

As "a crude illustration, consider a mission aimed at scoring a first for
national prestige. The need for quickly achieving the objective will "

- obviously overshadow the basic accuracy, payload and costs desiderata,

even perhaps, the reliability requirements for recovering the crew. The

.-scientific returns may be slight, maybe a few blurred photographs as in

the case of,Lunik III." A bonafide scientific mission, on the other hand,
will require more precise control of circumlunar trajectories or orbits as
well as the recovery of the data. The problems in space navigation,
communication, etc. involved in the two types of missions differ widely,’
The absence of criteria defining the mission, that is, the objectives of
NASA lunar program, makes it difficult to define the technical require-
ments and compare them to present state-of-arts capabilities. It is
clear that the task of defining the lunar mission criteria, perhaps in
terms of trade off values between national prestige, costs and expected
value of potential scientific or military returns cannot be undertaken

-within the scope of this program.

8 .
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2.3 The following discussion is based on the official definitionl/
of NASA as "an agency for the administration of a peaceful, non
military space program . . . whose responsibility is to conduct the
scientific exploration, investigation and utilization of space for
peaceful purposes." On this basis, it becomes possible to define,

at least in broad generalizations, the technical requirements for a
"peaceful and scientific" lunar mission, and to indicate what problem
areas remain to be investigated to fulfill this objective.

2.4 The most critical area of a manned lunar mission concerns

the terminal phase of the trip: the reentry into the earth atmosphere
and recovery of the crew. These terminal problems will be considered
first.

Earth Capture of a Lunar Vehicle

to 11,000 fps imposes excessive weight penalities at launch

Y,

2.5 A substantial portibn of the kinetic energy of the inbound
vehicle must be dissipated near the earth to prevent parabolic escape
into a translunar or solar orbit.

2.6 | Earth capture by retrothrust to below orbital velocity say
—/ and
does not appear to be within the capability of present launch pro-
pulsion systems. Similar payload considerations exclude the use of
high L/D ratio capsules, capable of extensive maneuvering within
the atmospheric layer during which the excess kinetic energy is dis-

sipated through aerodynamic braking.

2.7 Present lunar missions appear to be restricted to ballistic
reentry vehicle with low (.5) L/D ratios. The limited capabilities of
these vehicles severely restricts the angle of reentry within the
atmosphere,

D, D, Wyat, NASA, Assistant Director of Program Planning and
Coordination, 20 January 1960.

2/

The only conceivable mission is a Nova and a Saturn C-5 launch
of a 15,000 lb manned capsule with retrothrust capabilities for
slowing to suborbital velocity. This mission is restricted to
simple lunar flyback, the fuel required for lunar orbiting or land-
ing exceeding the capabilities of the Nova. It thus appears that

" mission profiles including inbound rendezvous of the lunar vehicle
.with an earth orbiting platform cannot be considered seriously at
present,

9

m‘. : l‘il‘
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2.8 The limiting conditions, or reentry corridor of Apollo type
capsules at parabolic velocity have been extensively studied. 3-6/
For an L/D ratio of .5 and a maximum decceleration of 10 g's, the
perigee altitude must be kept within about 15 to 50 miles, the exact
boundaries depending on the Weight/cross sectional area of the ve-

. hicle. Computer simulations of circumlunar flights indicate that

these requirements can be met with present navigational, computing
and control capabilities.

.Recovery of the Vehicle

2.9 The maneuvering capabilities of the Apollo capsule in the
atmosphere have not been determined. Design criteria for an L/D
ratio of .5 permit only a limited selection of landing point by the
pilot. The accessible landing_area, (foot print) appears to be an
approximately elliptical area,wabout 1600 miles long in the’
downrange direction and from 300 to 400 miles at its widest point,

2.10 Furthermore, the location of the footprint along the reentry
great circle depends on the perigee altitude and,. probably, on the

reentry speed. The downrange location may vary from 500 miles to
about 20,000 miles from the reentry point when the perigee varies _

—/ G. P. Edmonds, et‘ al., Trajectory Control for Reentry into the
Earth Atmosphere AF 33 (616) 3892 (MIT TR-198),

S

D. R. Chapman, An Analysis of Corridor for Supercircular Reentry
into Planetary Atmospheres, NASA TR R-55, R-11, 1959,

P. Becker, et, al., Aerodynamics of Trajectory Control for Re—
entry at Escape Speeds, Astronautics Symposium, Paris, 1961,

R. W, Ludens Analvsis of Atmospheric Entry Corridors NASA
TN D-590, 1961,

L D. Ely, Reentry Systems Aerospace Corporation, 1961

’Q’i

- A, Lees, et. al., "Use of Aerodynamic Lift During Reentrv into
.the Earth Atmosphere A.R.S. Journal, 29, p. 533, 1959,

E

F. C. Grant, Dynamic Analysis.of Simple Reentry Maneuvers for
a_Lifting Satellite, NASA TN D-47, 1959,

. C. Foudriat, et. al.,, Guidance and Control During Direct
Descent in Parabolic Reentry, NASA TN D 979, 1961,




within the altitude range insuring safe reentry. 1_I/In other words,
no single point of the reentry great circle can be reached from ail
portions of the reentry corridor. Recovery facilities must be dis-
persed half way around the globe even in the most favorable case
where the plan of trajectory and the time of arrival are precisely
controlled. Restrictions in the downrange spread of possible land-
ing points requires improved control of reentry parameters; for ex-

-ample, landing within a specified 2000 mile arc requires that the

perigee altitude be controlled within 1.5 miles. The downrange

location of the fo7tprint also depends on the value of the L/D ratio
of the vehicle. : -

2.11 ‘Finally, because of the rotation of the earth, the reentry
plane of the lunar vehicle appears to move on the surface of the
earth. Selection of a reentry great circle requires that the time at
which the vehicle enters the atmosphere, that is, the duration of the
moon-earth trip, be accurately controlled.

2,12 To summarize, any restriction in the permissible landing
area increases the accuracy with which the reentry parameters (time
of arrival, perigee altitude, magnitude and direction of reentry ve-
locity vector) must be controlled. The relationship between the re-.
strictions in reentry parameters and the desired landing area are ex-
tremely complex and depend amoncst others, on the latitude, shape
and size of the area. 13- 6/ The relationships are further complicated

‘l‘l'jPreliminary Parametric Analysis for an Orbital Rendezvous Base
- System, Northrop Corp., Report ASG TM-61-59, 1961, (Date in
this report refers to a vehicle of L/D = .65; reentry requirements
may be more severe for a vehicle of les ser maneuvering capabilities.

¥/L L. Levy, et. al., Comparison of Two Maneuvers for Longitudinal
Range Control Durmg Atmospheric Reentry, NASA TN D- 12.04 1962.
13

-~

J. H. Lowry,"Control and Guidance of Point Return Vehicles, "
Proceedings on Guidance of Aerospace Vehicles, Boston, 1960.

14 '
—/] A. White, et. al.,'Guidance of Space Vehicle to a Desired Point

on the Earth Surface,"A.R.S. Tournal, January 1961; Preprint 61-41,
Am. Astron. Soc., 1961,

1
—B/A G. Boissevain, Effect of Lateral and Longitudinal Range Control

on Allowable Reentry Conditions for a Point Return from Space,.
NASA TN D-1057,

16/
;’W J. Praglusxi et. al., Lunar Trajectory Analysis, NASA Irriustry

Apollo Technical Conference Washington, 1961,
11
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by the fact that the reentry parameters are not independent; for instance,
the time of reentry cannot generally be changed without altering the tra-
jectory, that is, the perigee and’/cr the reentry velocity vector.

2.13 Present NASA concepts for lunar missionsw call for a permissible
landing area extending almost haliway across the globe, from the western
Pacific to the eastern Atlantic and passing over the continental U.S. The
greatest width of this area, over the U S. is about 1800 miles, correspond- -
ing to a permissible variation of +. 13° in the orbital plane. It has not been
possible to ascertain whether these requirements have been arbitrarily

fixed or whether they represent the results of a planned analysis showing

the optimum tradeoff between (a) our present capabilities in space navigation
and (b) our capabilities for deploying sufficient land and sea facilities to
insure fast and reliable recovery of the capsule.

. 19~ ‘ -
2.14 Much effort is being devoted by NASAQ—Zi/and otherswto
the solution of the problems involved in the reentry and point landing of

'l—/Project Apollo, Statement of Werk, Phase A, NASA 1961,

E 5

Proceedings on the Recovery of Space Vehicles Symposium, Los Angeles,
1960, '

D. P, Harry, Analysis of Errors and Requirements for an Optimum Guided
Technique for Approaches to Reentry with Interplanetary Vehicles, NASA
TR R 102, 1961, :

2

NASA TN D-590, op. cit,

&

D. R. Chapman, An Approximate Analytical Method for Studying Reentry
.into Planetary Atmospheres, NASA TR R-11, 1959,

IS ‘

R. E, Sly, An Analvtical Method for Studying the Lateral Motion of Re-~
entry Vehicles, NASA TN D-325, 1960,

J. W. Young, A Method for Longitudinal and Lateral Range Control for a -
Vehicle Entering the Atmosphere of the Rotating Earth, NASA TN D954,
1961,

&

D. C. Cheatham, et. al., The Variation and Control of Range Travelled
by High Drag Variable Lift Entry Vehicle, NASA TN D-230, 1960,

&

J. M. Eggleston, et, al,, Traj’ectory Control for Vehicles Ehtering the
Earth Atmosphere at Small Flight Path Angles, NASA Memo 1-19-59L; .
TR R 89, 1959,

. C. G-rant Modulated Reentny NASA TN D- 452 1960,

l\
o
Q

ontinued on next page)
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27/y  nee

lcurian, Longituding. Rence Control During the Atmospheric
a Manned Satellite Reentry, NASA TN D-253, 1960,

- Phase o

28
/R C. Sommers, Pcint Return from a Lunc
1961,

2 . .
-i/Proposec NASA Projects: Reentry and Return Guidance Studies.
394 p, Ely |

IV

r Mission, NASA TN D 1192,

(J

, Op. Cit.
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and vice versa.

the inbound capsule. The'scc~? o mos” of these investigations, how~-
ever, is limited tc orbiting seteliies: no attempt has so far been made
to integrate the results into the cvur-all lunar mission concept. This
point is illustrated by the fclicwing considerations.

2.15 The probability with wiich the capsule can be successiully
recovered should be compatible with the reliability level assigned the
cilier phases of the mission. The recovery reliability depends on such
the speed with which these facilities can be transferred to the impact
point, tie possibility of predicting this impact point by radar tracking
of the cavsule during its terminal tlight and, of course, the accuracy
with which the potential landing area can be reduced by controlling
the reentry parameters. It shoul ssible to define (through usual
wear gaming or Monte Carlo technicues) the conditions optimizing the
reliability of tie reentry-rescue cozrations. Investigation of the opti-
mum disposition of ilitiss=—">/have been made only in
reference to the recovery of orbiii.; satellit Our experience with
the first manned orbital Mercury < ould indicate the difficulties to be
expected in recovering & lunar venicle whose reentry parameters cannot
be closely controlled. Although this phase of the problem lies outside
the scope of this investigation, it is clear that the recovery problem
should be treated as a whole, that is, the nature and disposition of
suriace facilities should determine the guidance requirements in space

Q. oy
0]
w C
=~ 0

i
o
[0}
w

2.16 Lack of information along these lines leads one to suspect

that the permissible landing area requirements spelled out in NASA state-
ment oI vrork do not represent the results of such optimizing technique
but reflect, rather, the arbitrary estimate of the area which can be
adequately surveyed.

2.17 It was pointed out earlier that any limitation in the landing area
imposes consiraints on the reentry parameters. The latter, in turn, affect
the requirements for space navigation and midcourse corrective maneuvers.
tis thus essential to translat NASA landing requirements in terms of
boundaries in reentry parameters in order to properly examine the problems
in astronautics and their implication on the over-all lunar mission. An at- N

terapt (o do so is presented in the next section.

—='7. 8. I-Idmilton, Satellite Water Recovery Feasibility, ABMA, DLMT 4,
59, 1959,

—/M. A. Fischl, (GE), Problems of Visual Search in the Recovery of Space

Vehicles, American Rocket Soc.l,éInC. , £€08-59, 1959,
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2.51 It is estimated that the opera ations involved in computing
- the midcourse correcti

P

¢ can be fuliill led by a digital computer with a
stovw e capacity of 1,3,000 (24 bits) words.  This should be adequate to
cover the segmental display I‘or 3 bodies simulation, the star catalog,
the a ttitude control %;d c“e ii.e. Such equipment may not weigh over
80 ibs and appear o be well within our present capabilities.

2.32 However, a number of problems in the computation of midcourse
corrections have received insufficisnt attention.. These problems briefly
discussed below, include: ' '

a. The extension of midcourse cor rrections in the three
dimensicnal spacz.

b. The control of time of reentry into the earth atmosphere.

2.33 Around year 1970, the axis of rotation of the earth will make
an angle of 90 - 18 = 72 with the lunar orbital plane. The trajectory
cf a vehicle injected within this plane is, of course, two dimensional.
The possibie lm-dmc sZrea on the earth is limited to a tropical zone be—
tveen latitudes 18°N and 18°S.

v

.34 If the landing area lb to include Lhe continental U. S. , as
specified in NASA statement of work, the incoming vehicle must depart
from the iunar orbital plane at some point during the moon- -earth leg of
the trip. From this pomt on, the t ajec:_ory becomes three dimensional.

oV
W

5 Tae m‘dcou‘se correction problems considered in the literatur

ve so far been limited to two-dimensional trajectories. It should be
sirable to extend the investication to the third dimension, if only to
rove that consiraints imposed by the determination of the landing area
do not introduce problems exceeding the capability of the proposed
navigation a“zd compuation techniques.

78/

A
NA

9o
o

F. Bowen, A Guidance and Conirol Concept for Lunar Missions,
S4 Industry, Apollo Technical Conference, Washington, 1961.

79/

Development of Hich Sneed Digital Computers for Space Navigation
Program, DA-04-495 ORD-1696, 1960.

§9/ D. H. Blauvelt, et. al. “"The Role of Computers in Aerospace Ve-
hicles," Proceedings, IAS Meeting, Orlando, 1961.




2.36 The possible landing p3inis of an earth bound ve! hicle are
lccated on tho intersection of the eartn surface with the plane of
tra*ioctory.g—l—/B:caasv of the earin rotziion, the location of the re-
f reentry. Near the equator,

elay in arrival ca OOO mile westward shiit in the
lecation of the landing locns.

determined area, the time of arri e controlled.

[
<
{u
o

«
n

~

tereiure guoted earlio eiers only to the control of the
es of the reentry poi (or perigee). It has not been
ible {0 find an analysis of the x lem involving control of both
“2on z2nd the time or reentry. Undoubtedly, conirol of the re-
es additional consirainis to the accuracy with which
be controllew and/or to the extent of midcourse cor-
is comzoundad in the case of a circumlunar
small trajecicry crrcss such as the duration of the trip
rival grosely affect the vericynthion. :

0
o
.
W
3
e

it is .ssential to analyze the impact of earth and lunar launch
<. ae wane of reentry on earth, with the purpose of determining

tho miccourse comrections reguired 1o satisfy predetermined landing

reeirictions. The r SL-Ls may w ll lead to a redefinition of the con-
coint of the rec‘\3/y hase of the lunar mission; for example, it has
been advanced tha presenti space guidance capabilities allow for

& C.082 cooire ( ithin .5 miles) of the perigee altitude. If this is

1, it should be possible to land an Apollo capstle at a prede-
te point on t.’:c niry great circle taking into .consideration

the low range mancuw,rmg capabilities. Variations in reentry time
wouold only displace the longitude of this péint so that the possible
lerding area would be a zone of constant latitude. The disposition of
recovery facilities would, in this case, differ essentially from that in-
dicated in NASA staiement of work. ' S

2.39 The third area deserving investigation concerns the determination
cf the magnitude of midcourse corrections.-

Neglecting for the moment the lateral maneuverablllty of the vehicle
within the atmosphere.

82/ .

— Nearest poin from the moon,

Q
:E/A. F.

Bowen (loc. cit.)
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2.0 The velocity mc*emit/s required for safe reentg}nto the earth
cmosphere range irom 39 fps=~ to more than 1500 fps, the majority
of the z2stimates being in the Vu,nu_hy of 2006 ips. M ‘While some of
s are traced to differences in the basic assumptions and
navigational schemes, it is clear that definite estimates of fuel requirements

2,41 Furthermore, these r
following remarks:

D

su«ts must be interpreted in the light of the

-

&, None of the results considers corrections of trajectories

in the three dimensional space nor corrections to control
the time of arrival. These additional constraints may sub-
stantially increase the magnitude of corrections.

0. In scme reports, the corrective velocity increments are
computed on the basis of "average" errors at launch.

In the manned mission, the recovery of the crew be-
ccmes & prime consideration and "average" values be-
come meaningless. The frequency disiribution of launch
errors must be determined, in order to estimate the most
unfavorable event asscciated with a probability of oc-
curance compatible with the desired probability of suc-
ces oi the mission. For examsle, if the launch errors
are normally distributed, the 3¢ error might well be
taeken as the basis for computing the magnitude of the
required corrective thrust. On this basis, some of the
data reported earlier may have to be revised upwards.

c. The data reported in the literature refers mostly to space
missions or to lunar ciccumlunar flyback. Surface or orbital
iunar launches have been considered in only one reference.

A. F. Bowen, opn. cit.

L. L. Friedlander, et ai, Exploratory Statistical Analysis of a Planet
Approach... NASA TN D4-7l, lv‘o

3
[@2)

S. G. Schmidt, et al., (Ames), A Study of a System for Midcourse
Navigation, NASA Iadustry Apollo Technical Conference, 1961,

\

7

[€2]

l

Final Report, NASZ Studv of Large T.aunch Vehicles Subsvstems,
(North American Aviation) Report NASw=-329, 1961,

w
(49]

T. A. White, Study of the Effects of Errors. ., .on the Gudance of a
crace Vehicle Appreaching the Farth, NASA TN D937, 1961.




T is unrcalistic ¢ expect that the accuracy of a lunar
leunch will dunlicate that of an earth launch because of
the unfavorable environment and the lack of surface
tracking stations. The magnitude of corrective thrusts
required in the earthbound leg of a lunar landing mission
may thus be substantially larger than values indicated.
2,4 ’ Furthermore, in lunar larnding missions, each extra pound of
“uel carried in the return leg of the trip requires additional energy ex-
i s during lunar take off; still mcre during lunar landing, and .
icerably more at earth launch. This pyramiding of take off weight
is illustrated in Table 2 giving the earth take off penalties imposed b
100 ips. corrective maneuver during the return leg of the trip{ﬁ),
for the various mission profiles described in the first column. .The
second and third columns list the nominal characteristic velocity for

each mission, in the absence cf corrective maneuver, and the theoretical.
welight of the vehicle at take off. Tre fourth column shows the extra

welght et take oFf for each extra pound carried on the return trip., The

ch
i:fth column indiceies 9—“/the penalities corresponding to a total velocity
TreC £ 100 ips., applied during the return leg to a 20000 1b ve-
c

.43 Missions labelled “reircinrust reentry" refer to the slowing
¢own of the inbound vehicle to suborbital speed (A v = 12000 fps) for
~eiter control of the reenwy and landing problems. This type of mission,
oi course, should require only (at least theoretically) nominal midcourse
ccrrections.

-

Z.44 The results indicate that launch welght penalties imposed by mid-
Course corrections of a few hundred fps are only a few percents of the total

8\) . . . ‘ , . ) .
The launch penalties imposed by fuel required for corrective maneuvers
during the outbound leg of the trip should be small.

%0/

Table 2 was compiled from the design characteristics of LOX/LH lunar
vehicles given in the Northrop, Lockheed, North American Aviation and.
General Dynamics reports. Because of large uncertainties in the char-
acteristics of future lunar propulsion systems, the results must be con-
sidered as approximate and subject to.verification. The results were
computed on the basis of the following assumptions. (@) the extra

fuel needed for velocity correciions is to be used in available pro-
pulsion engines (3:d stage for direct flyback missions; lunar takeoff ,
engine in lunar lahding missions, etc.) so that the corrections do not

i / vare oOr structual requirements. (b) the corrections




(] [

are applied to a 15000 1b reentry system, that is, all unneeded
hardware is jettisoned prior to initiating the correction. (c) 9%
structural facor. The results thus must be considered as repre-
senting optimistic conditions and may have to be revised upward.

25a
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weight of the entire system. NoO serious difficulties should be experienced'
R .

he zactorSdiscussed earlier (correciions in +he 3 dimensional space, control

~ in providing for the extra fuel nceded for midcourse maneuvers, even when

of time of reenury and the like) arc tuken into consideration. n the other
hand, the penalties imposed by midcourse corrections are large when referred
+o the weight o the nuseful" payload (the Apollo capsule). The next to the
last. line in Table 2 shows that the usablefpayload may be more than doubled
for each reduction of 100 fpg in midcourse maneuvers. If and when frequent

exchanges between earth and moccn become necessary, it will be essontial,
from an economic standpoint, 1O minimize midcourse fuel requirements.

2.45 The fourth area requring investigai‘ion concerns the optimum schedul-
ing of midcourse corrections. For example, should several small thrusts or
‘single large one ra used o correct trajectory errors ? - At what point or
ints s.bh_oul,c_l +he maneuver(s) be initiated? The answer can be easily

9192 in the case of & vehicle moving about a single center of at-
sraction, and when either the aim point Or the speed at this point is to be’
corracted.. The general problem, involving, two center of attractions and con-
<ol of both space and time coordinates -g—/of the point of arrival cannot be

colved analytically. .
9

s N ) . - N 7 _]. 00 N .
2 .5 In most of ine investigations -/concerned with this problem,
she number and time of applicetion of the corrective thrusts are fixed

9/

Navigation, Am. Astron. SOC.

V. Breakwell, The Spacing of Corrective Thrust in Ihte'fplanetary
Meeting, Seattle, 19 60.

Z . . .

g D. F. Lawden, " Minimal Rocket Trajectories," 7. Am. Rocket Soc.
360, p. 23., 1953. '
vFundamentals of Space Navigation," J. Brit. Interplan. Soc. 13,
p. 87, 1956.

94/ .. .
NASA TR R-80, op. cit.

95 ‘

7. Lorell, "yelocity Increment Required to Reduce Target Miss in Coast
Trajectories ," Advances in Actronautical Sciences, Vol. 6, 1960..

%/ Conirol of the reentry speed does not appear to be required for Apollo
type vehicles. '
7 : '
9—/ NASA Industry Apollo Technical Conf., Op. cit.
o) ' .
ﬁ/ §. F. Schmidt, gt. al., A Study of a System for Midcourse Navigation,
NASA Industry Apollo Technical Cont., Washington, D. C. 1961.

99 . . - ' .
-—‘/ J. A. White, A Studvy of the Guidance of a Space Vehicle Returning to &
Braking Ellipsc About +he Earth, NASA TN D-191, 1960.

100
D. P. Harry, et. al., Exploratory Statistical Analysis of Planet Approach, .
NASA TN D 268, 1960. 27
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bitrarily. Only a few papers investigate the scheduling in re-
pect to the optimum utilization of the fuel, In ‘;he,case of earth orbital

ar
S

launching (Table 2), midcourse corrections impose small relative penalties

at take off. Investigation of the optimum in correction scheduling thus
does not appear warranted. On the other hand, the heavy take off penalties
in surface launch missions (Nova) suggests that investigation of the cor-
rection schedule may have a practical interest.

2,47 The {ifth area of investigation concerns the accuracy with which
the midcourse corrections can be applied in space. There is little point
in being able to accurately determine the required midcourse maneuvers if
the corrective thrust cannot be accurately delivered.

2.48 Only a few attempis have been made to estimate this accuracy.
This uncertainty is expecied tc vanish as our experience with space probes
increases and as the design criteria of the lunar vehicle becomes known.

2.49 Efforts should be made to estimate realistically the expected ac-

. curacy in controlling the thrusts, with the purpose of determining the effect

of errors on the magnitude of midcourse corrections and thus, on the weight
penaliies at takeoff.

'SUMMARY

2.50 The problem éfguiding an inbound lunar vehicle to insure, not only
safe reentry within the atmosphere but reliable recovery on the ground has

not been adequately covered. An investigation is needed to determine the
magnitude of midcourse maneuvers compatible with the reliability level as-
signad tc the mission. The resulis should be given in terms of the various
tvpes of lunar missions considered, in terms of probable launch errors irom the
earth ana/or the moon and shculd be translated in terms of extra Iuel guidance,
computation requirements weights that is, in terms of payload pena‘ues at
launch, as well as in terms of the landing area within which rescue fa0111t1es
are to be disposed.

0

Pt

D. F. Lawden, OD fimal Procgram for Correctional Maneuvers, Rad. Inc.
TR RR 1186-60-13, 1960,

. A. White, A Study of the Effects of Errors in Measurement of Veioc;y
d Flight Path Angle on the Guidance of a Space Vehicle Approaching
the Earth, I\AbA T‘\I D 957, 1961.

lgé/- ASATRR 102, 1962, op. cit.
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Scme of the Luesg_o 15 1O be answered are:

v
Ul
[t

2. “Vhat is the eifcct of lunar launch errors on the perigee
altitude, the time of arrival, the speed and direction of
the vehicle at reentry within thﬂ earth's atmosohere‘?

b. How is the landing area on earth affected by these errors,
g-; ‘en a reentry vehicle with specified aeroballistic capa-

c. W’hct is the magnitude of velocity corrections correspond-
ing to a predetermi cd landing area and what are the fuel
requirements asscciated with these corrections, in terms
of mission reliability, precision with which corrective im-
pulses can be delivered, etc.

d. How are these fucl requirements reflected 'in the take-off

vayloads, in terms of mission profile? 'Will these penalties
affect the validity of present concepts in lunar mission pro-
files?

w

If the fuel penalties, as well as the penalties associated
with inboard navigadion, guidance, computing and control
facilities prove to be prohibitive, how can the initial spe-
cification of lunar missions be relaxed? For instance,

will earth-based t f«ogik‘ng radar be capable of acquiring the
incoming vehicle, =™ and predicitng the location of its
foot print and, if so, will it be possible to deploy recovery
facilities at suitable locations within an adequate time?

.32, Some of the programs proposed by NASA may, in time, provide
~swers 1o these questions, provided that th2ir scope is enlarged to encom-
Tacss the over-all concept of lurar mission, rather than being restricted to
onz purticular phase. These relevant programs include:

™o

al]

a. Performance and Guidance Trajectory Studies, proposed by
the Aeroballistic Laboratory, MSFC; the scope of this pro-
~gram is, however, directed toward low thrust propulsion
systems and may not be appllcable to the Saturn or Nova ‘
missions.

Michaels, et. al., Lunik Il Trajectory Predictiops. Annual Meeting of
American Astronautical Society, 1960. It should be noted, incidentally’,
that trajectory computations for Lunik III on IBM 704 required up to 15
hours for.each integration step. Such lag is clearly unacceptable in
initiating corrective maneuvers. The problem is further complicated

by the "zone of silence" during atmospheric reentry.

29
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ital Launch Guidance Systems Studies . proposed by the
Advanced Siudies Branch, Guidance and Control Div. MSFC

.

Reentry and Return Guidance Studies, proposed by the
Adyanced Study Branch, MSFC. '

Feasibility Study of Saturn Real Time Evaluation, pro-
posed by Aercballistic Laboratory MSFC. The scope
of this program is restricted to orbital Operations.
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ASTRONAUTICS PROJECT A-1
CONTROL OF TIME OF REENTRY

Task Statement. To investigate procedures for controlling the time
of reentry of an inbound lunar vehicle, with the purpose of maximizing
the probability of recovery.

Justification. Because of the rotation of the earth, it is essential to
control the time of reentry (coordinate with earth rotation) in order to
hold to a minimum the area within which the capsule may land. Fuel
expenditures for midcourse maneuvers required to control time of re-
entry must be evaluated.

Present Status. Present investigations are limited to control of space
coordinates of reentry point to insure safe aerodynamic reentry.

Criticality. The control of time of reentry critically affects the dis-
position and efficiency of recovery air, sea and land facilities. It
could affect the transearth midcourse maneuver fuel expenditure (final
stage) substantially—and additional fuel and weight will affect first
stage design coordination. Thus, this project should be undertaken
early in the program.

Mission Applicability, Recovery of all manned lunar vehicles:

a. Earth reentry and land.
Reference. Analysis of Astronautics. paragraph 2.9, page 6.
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ASTRONAUTICS PROJECT A-2
COMPUTATION OF THREE DIMENSIONAL TRAJECTORIES

Task Statement. To determine the computing requirements imposed
by three dimensional midcourse maneuvers.

Justification. The trajectory plane of an earth bound vehicle deter-
mines the possible landing areas. Errors in earth or lunar launch may
require that dog leg maneuvers be initiated to alter the trajectory
plane. Three dimensional maneuvers will require inboard computation
of capabilities exceeding those required for two dimensional correc-
tions, particularly when the additional problem of also controlling

the time of reentry is introduced.

Present Status. A few investigations have considered the theoretical
aspects of three dimensional navigation and corrections. These
results must be extended to the control of time of reentry and trans-
lated into terms of computational requirements.

Criticality. Required to determine design criteria of inboard computers;
thus it should be conducted prior to computer design.

Mission Applicability. Early circumlunar mission where small earth
launch errors have a large effect on the reentry plane:

a. Orbital launch and translunar flight.

b. Lunar launch and transearth flight.

Reference. Analysis of Astronautics, paragraph 2.35, page 22.
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ASTRONAUTICS PROJECT A-3
EVALUATION OF LUNAR LAUNCH ACCURACY

Task Statement. To analyze expected lunar launch accuracy with the

purpose of determining the magnitude of midcourse guidance required
to insure safe reentry and recovery.

Justification. Future missions will involve lunar surface or orbital

launches. It is unrealistic to assume that guidance accuracies ob-
tained in earth launches will apply in the unfavorable environment
and isolation of the moon. Expected launch errors should be realis-
tically evaluated to determine midcourse guidance requirements.

Present Status. None.

Criticality. Applicable data, such as moon atmosphere and crust
composition, for this investigation may be obtained from Surveyor
missions.

Mission Applicability. Lunar landing or orbiting missions:

a. Lunar orbit and land.

b. Lunar launch and transearth flight.

References. Analysis of Astronautics, paragraph 2.41, page 24.
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ASTRONAUTICS PROJECT A-4
INVESTIGATION OF RECOVERY PROBLEMS

Task Statement. To determine mission profile optimizing the prob-
ability of capsule recovery.

Justification. The probability of locating and recovering the capsule
after landing depends on the area within which the landing point is
expected to be located. Tighter control of the landing area requires
higher accuracy in controlling reentry parameters, that is , increased
fuel penalties for midcourse corrections. Conditions maximizing the
expectancy of success should be determined with the view of defining
the disposition of recovery facilities.

‘Present Status. Investigation of this problem is limited to the recovery

of orbiting satellites.

Criticality. This investigation may point out improved concepts and
procedures for recovery of capsule, and improve the over-all reliability
of the manned lunar mission.

Mission Applicability. Recovery of mannned lunar vehicles:

a. Earth reentry and land.

Reference. Analysis of Astronautics, paragraph 2.15, page 14.
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ASTRONAUTICS PROJECT A-5
EARTHBOUND SPACE DYNAMICS

Task Statement. To determine optimal corrective maneuvers during
the transearth portion of a lunar mission, with the purpose of mini-
mizing fuel expenditure and insuring landing within a specified area.

Justification. Fuel expenditures for corrective maneuvers on the trans-
earth flight of an orbital lunar mission impose severe earth launch
weight penalties. The magnitude of corrective thrusts decreases,

but the navigational errors increase for increasing distances from
vehicle to earth. The scheduling (number, time of application, direc~
tion) of corrective thrusts minimizing fuel expenditure should be
determined as a function of lunar launch errors and the confidence
level with which the vehicle is to land within a specified area.

Present Status. A few areas of the problem have been treated but
there remains a requirement for consolidating the results in terms of
the command-service modules contemplated by NASA.

Criticality. Minimal fuel requirements must be determined to specify
the design criteria of the service module.

Mission Applicability. Orbiting and landing lunar missions:

a. Lunar orbit and landing.

Reference. Analysis of Astronautics, paragraph 2.17, page 14.
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ASTRONAUTICS PROJECT A-6
SPACE TACHOMETER

Task Statement. To develop means for directly measuring the velocity

of a vehicle in space.

Justification. Velocity is to be derived from observation of the space
coordinates of the vehicle at different times. The accuracy with which
velocity is obtained thus depend on navigational errors which them-
selves depend on the location of the vehicle relative to the earth or
moon. The velocity accuracy also increases with the interval separat-
ing observations. Under some conditions, the delay in obtaining the
velocity may be undesirable. Navigation would be improved by the
development of an absolute space tachometer.

Present State. Doppler radar is practical only at low altitudes above

earth or moon. Schemes based on measurements of Doppler shift of
Lyman; differential radiation pressure; electron transit time between
two points on the vehicle; magnetohydrodynamic interactions with the
magnetic field of space; space charge effects have been proposed.

Criticality. Not immediate.
Mission Applicability. Space travel;

a. Earth orbital launch and translunar flight.
b. Lunar launch and transearth flight.
Reference. Analysis of Astronautics, paragraph 2.27, page 20,
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ASTRONAUTICS PROJECT A-7
LAUNCH PENALTIES IMPOSED BY MIDCOURSE CORRECTIONS

Task Statement. To compute launch penalties caused by the weight

of fuel required for midcourse corrective thrusts.

Justification. The launch penalties depend on the magnitude of char-

acteristic velocity increments imposed by midcourse guidance and on
the mission profile. The penalties are highest in a lunar landing
mission launched from the earth surface (NOVA). The magnitude of
these launch penalties must be realistically evaluated.

Present State. The magnitude of corrective thrusts has been evaluated
in a few simple cases. Current NASA studies are expected to supply
generalized results; this study would translate characteristic velocities
in terms of payload increments.

Criticality. Probably important in NOVA missions; should be conducted
early in development of launch vehicles,

Mission Applicability. May indicate preferred types of missions and/
or needs for improved midcourse correction procedures:

a. Earth orbital launch and translunar flight.
b. Lunar launch and transearth flight.
Reference. Analysis of Astronautics, paragraph 2.42, page 25.
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- III. ENVIRONMENTAL EFFECTS

3.1 This analysis con51ders the environmental problems wh1ch may be
encountered in lunar missions. Three problem areas will be considered,
characterized by: : S

a. the nature of the mterplanetary space through which
the vehicle is traveling

b. the nature ‘of the lunar surface, on which the vehlcle
may land

c. the mechanical and electrical effects caused by the
motion of the vehicle itself.

The effects of environment of conditions on the crew do not fall within
the scope‘of this investigation and are not considered here. Discussion
of the radiation effects arlsmg from the presence of a nuclear propulsion
system will be postponed until the characterlstlcs of these systems
become avallable. ‘

3.2 Because of the wealth of reported data, only the most significant

Conclusions will be presented here, with the purpose of defining the areas

. requiring further examination. No attempt will be made to present a full

bibliography on the effects- of space environment. since the latter is already
available in several reference matenals.lﬁ:_?_’/

’1‘/ Space ahd Aeronautics R & D Handbook, Vol. 4 State of the Aft. ;

2/

Satellite Environment Handbook, LMSD 89006, 1960,

L.D..Jaffe, et al., Behavior of Material in Space,JPL N103600 and
M. Neugebauer, The Space Environment, JPL TR34-229, 1960.
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3.3 Env1ronmenta1 conditions are determined by the characteristics
of vehicle and mission. The content of this analysis is 11m1ted to the
general description of the conditions under which a lunar vehicle may
be called to perform. Detailed analysis of environmental problems in ~

 terms of mission will be’ presented in a later section.

" Space Environment

3.4 Effects of High Vacuum. Neither the properties of structural -
materials nor the performance of electronic components is affected by
vacuum. _:_/ The slow evaporation of thin films or wire 6 is not ex- .
pected to present significant problems in short duration lunar trips or-
even in the operation of semi-permanent (a few years) space orbital

- platforms.

3.5 The only potential dlfflcultles to be expected from operation in
the high vacuum of space concern:

a. The cold welding of mechanical joints and articu--
lations (periscope, antennas, motor bearirigs,
etc.). In the earth atmosphere, bearing surfaces
are protected by a continuously renewed adsorbed
film of oxide which helps prevent seizure. No =~ - —— .
such surface exists in high vacuum. The difficul- T
ties are magmfied by the high temperatures which -
. may be caused by solar heating or by radiation
- from the exhaust jet. Incidence of cold welding ,
- in vacuum may perhaps be prevented by lubrication
with low vapor pressure oils or grease or by the
use of low friction surfaces (nylon), or by solid
boundary lubrication films< (sulfides, etc.).
Although these techniques may adequate in short
duration missions, the expected.increasing com- *
plexity and duration of lunar missions may call for
lubricants of improved stability or for means of
. improving the frictional behaviour of surfaces.

Q A

-J. H, Atkins, Effects of Space Env1ronment on Materials WADD TR60-
721 1960. .

RF-920, Ohio State Uriiversity, Research Foundation.

X

R A. Ladd, Survey of ‘Material Problems Resulting from Low Pressure

and Radlatlon Environment in Space, NASA TN D477 1961,
WADD TR60 721, op. cit.

R
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- A number of investigations along these lines will

shortly be initiated by NASA.E However, present
laboratory techniques (10~8 mmHg) cannot reproduce
the high vacuum in space (10~-11 mmHg). There are
indicationsg/ that monolayer adsorption in ultrahigh
vacuum is very sensitive to pressure. For these
reasons, the applicability of these programs to the
development of techniques for operation in space
cannot be evaluated at this time.

The loss of plasticizer from plastics, resulting in
brittleness and the gas evolution within organic
materials, subject to ionizing radiation.18:11/ Gas
evolution may result in severe degradation in the
optical properties of, say, molded plastic lens, in
the opacity of Canadian Balsam used to cement
lenses in optical instruments, in the extrusion of
the potting compound (asphalt) from transformers or
similar electronic components. Again, it is believed
that such effects will not be appreciable in short
duration missions. In long range orbital operation,
it will be necessary to develop substitutes for the
materials affected by ionizing radiations. Investi-
gations along these lines are pursued at several
laboratonesl-z/ and the results show that these dif-
ficulties may well be solved within a near future.

& Research on Bearing Materials for use in Highland Ulirahigh Vacuum. .
Development of Solid Film Lubricants. Research on Bearing Materials
for Use in Space Environment. Development of Inorganic Polymers for
Use in Sealant and Lubricants at High Teniperatures and Subatmospheric

Pressures. Investigation on the Combed Effects of Nuclear Radiations,

' Vacuum and Cryogenic Temperatures on Engineering Materials.

9

'R. A. Roche, "The Importance of High Vacuum in Space Environment

Slmulatlon," Vistas in Astronautics, Vol. 2, 1959,

' '1—/ H. M. ‘Abbott, Effects .of Vacuum and UV Radiatmn on Polymenc Matenals,
Lockheed SB 61-20, 1961, :

—/NASA TN D477, _Q. cit.

."ly MIT, Midwest Research Inst1tute GE Pranklm Institute, Lytton Ind. .
Indiana Universny, Lewis Research Center.
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c. The absence of heat transfer by convection from
electrical or electronic equipnient. Cooling may
be insured by conduction through proper de sign
of the component.

3.6 ‘Meteorites. The impact of even a very small meteorite may ‘have
: catastrOphic results.13 14 . Because the speed of meteorites is generally
greater than the speed of sound in the material of the vehicle, the kinetic
energy canbe dissipated only within the region bounded by the shock front
whose volume cannot be larger than a few times that of the particle. Tem=~
peratures of the order of 10° or 1070 K are generated from the impact of a
meteorite of typical mass and velocity. If this high temperature spike *
falls on a sensitive element, an electric wire or a contact surface where
the heat cannot be quickly dissipated, permanent damage to an essential
component may result from the impact of even a small meteorite. If the
impact punctures the cabin or a propellant tank, the high energy may set
- off a disastrous explosion or deflagration of the cabin atmosphere or the
"propellants -1—5-'1—/)

3.7 Within a massive metalic shield, the heat is quickly transferred

by conduction to the surrounding regions. The net effects consist in local

melting and recrystallization, lattice dislocation or nuclear transformations
resulting in the progressive degradation of the structural integrity of the

~ shield.. A given thickness of shielding is effective only against meteorites

whose kinetic energy is below a critical value.

3,8 - It is generally accepted that protection against all sizes of
meteorites is neither practical nor economical. On the basis of the ob-
served relative frequency of meteorite sizes, it is possible to estimate
the probability that a shielded vehicle will not encounter a meteorite
larger than the size provided for by the shield. For example,ﬂ-/ a thick-

F. L. Whipple, "Meteorite Risks to Space Vehicles,' Proceedings, VII
International Astronautical Conference, Barcelona 1957,

&

.E. T. Benedikt, ‘Disintegration Barriers to Space Travel " Advances in
the Astronautical Sciences, vol. 5, 1960,

E .

F. T. Smith, Meteoric Problems Related to Space Vehlcles Aeronauuc
~ System, Inc., vol. 407, 1959,

R. Meyer, Explosive Failure in Pressurized Sggce Cabins, Manned
Space Station Symposmm Los Angeles, 1960, '

'EE

F. L. Whlpple __p_ cit,
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ness of 1.28 cm of aluminium will protect a’vehicle against the impact of
meteorites smaller than 3100 p radius. The probability of encounter of a
3 meter diameter sphere during a 5 day lunar trip with larger meteorites

~is then found to be about .01. Furthermore, not all of the impacts with"

the larger bodies may be expected to have dlsastrous consequences,

3.9 However, these results are based on a meteorite size frequency
distribution determined from radar or visual observation of meteors in the

"earth atm sphere, as well as from erosion and impact data from space

probes. Because of the relative scarcity of the larger meteorites,
their actual density in space has been estimated by extrapolating the

- data obtained on smaller size bodies. The probability of catastrophic.

collision, obtained in the manner indicated above may thus be questioned.
A critical study by RAND—9/ indicates that the probability of puncture may

" vary by as much as several thousands,; on the basis of presently. available

mformanon .

"3.10 . Furthermore, the highest velocities which can be imparted to a

projectile in the laboratory does not presently exceed 25,000 fps. It has
long been known29-22/ that the phenomenology of impact varies with the
speed. Results obtained at 20,000 fps do not corrolate with those obtained
at lower Speeds. One may therefore question whether present laboi'atory
results—/ at 25,000 fps can be safely extrapolated to meteorite hyper-

'veloc1ties of the order of 100,000 fps.

E

Effects of Micrometeorites on Space Veh1c1es an Annotated Blbhography,
Lockheed SB-61-37.

R. L. Bjork, et al, Est1mated Damage to Space Vehicles by Meteoroids,
RAND RM-2332, 1959.

&

A. C. Charters, "High ‘Speed Impacts, " Scientific American, No.203, p. 128,
L. Summer, Investlgatlon of High Speed Impacts, NASA TN D96, 1959, .

S

S. F. Singer, Effect of Meteoric Particles on a Satelhte Maryland
Un1ver51ty, TR 41, 1956,

J. L. Summer, Impact Re51stance of Vehicle Structures, NASA Industry .
Apollo Technical Conference, Washington, 1961.

g

S. Katz, et al, Penetration of Metal and Lucite by Small Particles,
AFCRC TR 57452 1957,

M R. Liaciardello, Structures in Space, WADC TN 59 13, 1959, .

X
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3.11 For these reasons, conclusions on the protection of space vehicles .
against meteorites must be critically reexamined. The present uncertainty
can be resolved either by (a) developing techniques for increasing the
velocity of projectiles in the laboratory (electric discharge guns) and (b) ‘
statistical tabulation of large meteorite impacts on future space probes.
The actuahtg of this problem may be judged by the number of a,ctivegéz_ZZ/

or propose projects at NASA or in the industry.z()‘32

3.12 To summarize, meteorite impacts present serious problems to luhar-

missions, both in regard to the hazards involved and to the penalties in
shielding weight. Although constant efforts are being expended in this
field, we are just beginning to obtain a general picture of the physical
processes involved in hypervelocity collisions. This level of effort must
be sustained if results are to be on hand at the time lunar missions become
operative, '

3.13 In add1t1on to impacts with meteorltes of finite sizes, the surface
of the vehicle is subject to erosion by the very fine cosmic dust present
in space.:‘}3 34/ This erosion is not significant in short duration lunar

missions or even in orbital missions of few years duration. The only

potential' hazard is the gradual etching of optical surfaces exposed to the
dust. It has been estimated that this effect would cause a glass surface

J. O Funkhauser, Preliminary Investlgatlon of the Effects’ of Bumpers
to Reduce Projectile Penetration, NASA TN D802, 1961.

21/

E. H. Davidson, Space Debris Hazards Evaluation, NASATN D1105, 1961.

Physics of Meteoroid Tmpacts. Investigation of Spectral Emissivity of
' Metals After Damage by Particle Tmpacts. Meteoric Particles Shield
Criteria. Development of Critical Impact Velocity Data for Saturn
Structural Matenals.

F. 'I’ Smith, Meteorite Problems Related to Space Vehicles Aeronaut1ca1
Systems, Inc. U-407, 1959.

3

Material in Space Environment, SyracuseUniv., MET 597 596 1958
Also, Lockheed, Convalr, General Dynamics etc.

&

R. L. Bjork, A Conservative Estimate of the Meteoroid Penetration Plux,
RAND P 1913, 1960,

R. A. Gemmel, Criteria for Meteorides Protection, ARS Conference, Santa
‘Barbara, 1960,

'§

C. W, McCraken, et al, Direct Measurement of Interplanetary Dust,
NASA TN D-1174, 1962,

L.g

.S.F. Singer, Effects of Interplanetary Dust on Space Vehicles 2nd
Symposium on Physics of Space ,42an Antonio, 1958.
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to become mutllizable in about 1. 7 ‘years, One NASA program——/ is con-

cerned with this hazard

3.14 ‘Electric and Magn‘etic Effects. A body in space is subject to the
bombardment of protons and electrons which constitute the cosmic plasma.
The speed of these particles correspond to a kmetlc temperature of 1000‘ to

'10,000° K. Because of their small mass, the speed of the electron is '
_higher than that of the protons. More electrons than protons impinge on

the body and the latter acquires a negative charge (relative to the space .
charge of space). This charge will increase until the electrostatzc field
reestablishesabalance between the rate of: collisions of electrons and

" protons.

3.15 - In a moving vehicle, the front surface will "overtake" more of

the slower moving protons than when at rest; the rear surface will be
overtaken by less protons than when at rest. 36/ A difference of potential
will appear between front and rear surfaces if these surfaces are electrically
insulated from each other. Estimates of the potential difference range from

a few tens to several hundred volts for a vehicle moving at 36,000 fps. The
uncertainty is due to our ignorance of the temperature of the plasma. Poten-

tial hazards from electrical discharges may be eliminated by electrically
connecting all surfaces of the vehicle. Some problems may still arise in
antennas which cannot be grounded. ‘

3.16 The electro-magnetic effects produced by the motion of the
negatively charged vehicle in the magnetic fields of the earth or space
should be insignificant. ‘

3.17 Electro—magnetlc Radiations. The lunar vehicle will be immersed

in a complex flux of electro-magnetic radiations. Most of these radiations .

originate from the sun.

3.18 The solar spectrum corresponds approximately—/ to the emission
of a blackbody at a temperature of 6000° K. The radiations thus include a
large proportion of infra~red and visible radiations, with a small amount

of ultraviolet for a total flux of 1.5 106 erg cm~2 sec~l. The earth atmos-
phere is a good (albedo: .34) reflector of solar radiations so that a vehicle
in the vicinity of the earth will be subjected both to the direct and reflected

Investlgation of Cosmlc Dust Damage to,Engineering and Electncal
Materials. NASA proposed research program,

Realistic vehicle speeds are so much lower than electron speeds that the
rate of electrons impingement on front and back may be considered as -
constant, -

In addition, small amounts of x-rays are emitted by the high temperature

corona. The x~ray flux amounts only to a few ergs cm~2 sec"1 and is neg-
ligible before thenormal component of the sun and before the secondaries

produced within the vehicle by particulate radiation. o

.
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solar flux.  The reflect1V1ty of the moon surface is poor (albedo. .07) and_

© L owill not appreciably contribute to the flux. In addition, the earth and

moon_.act as low temperature blackbodies (250~ 275° K).

3.19 These radiations have negl1g1ble effects on the. matenal components
of the vehicle. The only notable effect, 8/ a slow degradation of polymeric
substances by ultra violet, can be easily avoided by shlelding the sensitive

. material from the direct or reflected solar flux.

3.20 The most sigmficant effect of electromagnetic radiations on a
lunar vehicle is the heat (and pressure) generated on the vehicle surfaces. ,

- exposed to the flux.w The over-all temperature of the vehicle is deter-

mined by the balance between the energy received and that radiated into

- space, The equilibrium temperature depends on the shape of the vehicle,
its orientation relative to sun and earth and the absorption coefficient of

its surfaces. Theoretical conmderatmns@/ 1nd1cate and satellite obser-

-vations confirm_/ that normal (300° K) over-all temperatures can easily

be obtained within a lunar vehicle illuminated by the sun. However, if

the vehicle is attitude stabilized in space, large differences in tempera-
tures may be present between the dark and illuminated surfaces, resulting .
in the appearance of mechanical stresses, ‘thermoelec‘tric malfunctions,
embrittlement of insulating materials and so on. Temperature differences
can be smoothed out either by insuring thermal conduction or convection
throughout the vehicle or by spinning it slowly so as to expose all surfaces
in turn to the radiant flux. 42 Effect of heat sources (electrical equipment)
and heat sinks (cryogenic tanks) can be compensated for by adjusting the ‘
absorption and radiative properties of the various surfaces.

3

‘y A. L. Alexander, Degradation of Polymers by UV Radiations, NRL
5257, 1959.

39/

F. G. Cunnmgham, Earth Reflected Solar Radiation Input to Spherical
Satellite, NASA TN D1099, 1961. :

J. E. Naugle, Temperature Equilibrium of a Space VehJ.cle Vistas in
Astronautics, vol. 1, 1959,

E

L. D. Nichols, Effects of Shielding on the Temperature of a Body from
Solar Radiation in Space, NASA TN D578,

lg

Mlnor problems caused by temperature differentials within the vehicle
will he examined in the two following investigations proposed by NASA:
Prop_osed Electrical Contract Research
Low Temperature Dielectric Coastings




3 '21 Much effort is planned by NASAfI—‘Q’/ in mvestigatmg the problems
of vehicle heat control’and no serious difficulty is- expected in controllmg
the thermal envuonment of future lunar mis smns. '

3.22 The rad1at1on pressure caused by the 1mpmgemént of photons on
the vehicle surfaces is extremely small and will not affect the gross trajec-

tory of a massive Apollo type vehicle, 44/ Potential d1ff1cult1es might result

from torques generated if the center of pressure does not coincide with the
center of gravity.. This effect is not expected to be serious in a massive

.vehicle and may be corrected by the altltude control system.- o 3

3.23 To summanze, primary electro-magnetlc radiations are not

‘expected to generate serious problems in lunar missions.

3,24 ' Particulate Radiations. Van Allen and Cosmlc Radlatlons Durmg

periods of quiescent solar activity, the particulate radiations which may
affect a lunar vehicle are the electrons and protons trapped in the’ geomag=-

- netic field (Van Allen belt)g and the cosmic rays originating. in space.

All these particles move at very high speeds; upon impact with the vehicle,
their kinetic energy is transformed into heat, x rays, y rays; some of the
impacts may be sufficiently severe to produce nuclear fission with the
usual secondary emission of neutrons, x rays or B rays, formation of

' electron pa1rs and so forth.

3.25 The ‘discussions of these phenomena and the potentlal hazards
involved may be considerably simplified by observing that, in a manned
vehicle, man is the most sensitive component to particulate radiations. C
If protectlon of the man is insured by proper selection of the mission pro-

file, then the material components will not, ipsofacto, be affected. If'

~ protection of the man is insured by sh1eld1ng,4—6/ then it should be possible

13/

Evaluation of Hemispheric and. Spectral Em1ss1v1ty of Selected Materials,
Absorbtivity and Emlssw1ty of Materials. Emittance of Metals at High

. Temperatures. Low Temperature Thermal Emittance Studies. ’Ifheoretmal
Physics of Emissivity‘ Properties of Solids. '

44
"'/R Ww. Bryant The Effect of Solar Radiation Pressure on Mot1on of Orbiting

Satellite NASA TN D1063, 1961.

&

A. TJ. Dessler, PenetratlrLcLRadlanons, Satellite Environment Handbook,
LMSD 89-~5006,

Shielding against the high energy cosmic rays is considered impractical.
The flux of cosmic ray is, however, so low that its effects on materials
are insignificant. In the followmg, sh1elding refers to protection against
Van Allen radiations.
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', to "blace most of the sensitive components within the shield without

excessive weight penalties. The following is therefore limited to the

| 'discussion of the effects of particulate radiations on components which

cannot be shielded, either because of their bulk or because of their func-

'_tlon. The conclusions must be interpreted in the light of our present

limlted knowledge47.48/ of conditions in space.

, 3.2’6 . The structural materials of a lunar. vehicle are only slightly

affected by high energ'y particulate radlatlons.q‘9 Lattice dislocations
and possible nuclear transformations from the 1mpact of cosmic rays will
progress1vely cause the structure to become brittle and lose some of the.
mechanical properties. These effects, however, ‘are negligible ina 10
day lunar mission or even in orbital operations of a few years duration.

3.27 Solar cells, ‘transistors and, more generally all semxconductors
are affected29=52 . by high energy electron and proton impacts. - Solar
cells, of course cannot be shielded without screenmg out the solar

" electro-magnetic radiations. Degradation is slow: failure for solar cells
- "is estimated to result from continuous exposure of a year to the most

intense flux in-the Van Allen belt, failure of transistors, to. -exposures of
about 8 months.-s—:f/ Damage certainly would be negligible during the some
30 minutes required for the passage of an Apollo lunar vehicle through the -
Van Allen belts or during several years operations at orbital altitude (300

, miles) around the earth.

3.28" Effects of particulate rad1at10ns on electri¢al and electromc equip- .

ment through metallic sputtering on motor commutators, printed circuits and -
the like or through ionization of the air between COntacts is expet:ted to be

F. Hollis, Composition of Radiat1ons Trapped in the Geomagnetic Field
AFSWC TN 59- 15, 1959.

Satellite an1ronment Handbook, LMSD 89005, 1960, o

————

J. H. Goodwm, -‘Material Vulnerability to Space Radiations, Aerosciences
Labs JM6-34, 1959, :

J. M. Denney, Radiation Damage in Satellite Solar Cells Systems ARS |
Conference, Santa Monica, 1960, : ‘

‘R. G. Downmg, Electron Bombardment of S1l1con Solar Cells, ARS Con- '
ference Santa Monica, 1960.

F. M. Smits, "Solar Cells in the Van Allen Belts," I Bnt Inst. of Radio
.Engr., No. 22, 1961, p. 161,

- NASA TN D477, op. cit.
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negligible in short term missions., One may however expect some 1ncrease
in electncal noise during passage through the Van Allen belts.

3.29 The only significant effects due to normal particulate radiations

"'will be found in organic materials and glass. Plastics will be subjected

to chain breakage, cross linkages and radical formation with subsequent
embrittlement, discoloration and gas evolution re sulting in degradation of

the

mechanical or optical properties. Electrical insulation may crack,

‘motor brushes will sputter, potting compound may be forced out of trans-
former cases, etc. Quartz, glass will become yellow. Optical IR com-
ponents (NaCl) may be expected to become opaque. However, these
effects all occur at radiation dosages far exceedmg the lethal dose for
human. It should not be difficult to protect sensitive materials adequately
or to replace them by less sensitive materials. Considerable effort is being

.made by NAS 25 along this direction..

3.30 . Solar Flares: From time to time, the sun ejects streams of hlgh

are

‘velocity protons and electron 56,57 (solarflares). These periods of activity

related to the occurance of sun spots. Their duration varies from a few

hours to several days. The energy of solar protons and electrons is many

| times higher5—8/ than that of the particles in the Van Allen belt. On the

other hand, significant solar events occur so rarely (about once a year),
that the probability that the lunar vehicle will be subject to a flare is low.
It is estimated?/ that ghis 1probability does not exceed a few percents for
5 to 10 days missions. | ‘ '

Iz lg

|§

E'

‘ Radiation Damagg to Electrical Components ITT Labs TM 854, 1961.

~ Protons Sh1e1d1ng Experiments. Space Radlatlon Shielding. Investigation
of Radiation Damage in Engineering Materials. Radiation Effects on
Guidance and Control Equipment.

E. P. Ney,"Protons from the Sun, " Phys. Rev. Lett Vol. 3, 1959.

Dlscussmn of Solar Protons Events, NASA TN D671 1961.

Energy of Solar Protons: 30 50 300 Mev, up to 10 Bev electrons; 100 Mov.

T. Foelsche et al, Space Radiation Hazards, NASA Industry Apollo Con-
ference, Washmgton D.C., 1961, ' :

This probability may be expected to be higher frcm 1967 to 1973, a period
of probable solar activity.

A.T. Dessler, op. cit,
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3.31  Because of the shielding effect of the atmosphere, the flux and
'energy spectrum of solar particulate radiation fluxes can be measured
only from space probes. Data presently available62-64/ are neither con-
~ sistent nor complete. They are based on the observation of a limited nim-
ber of solar events having occurred within the past few years. Furthermore,
. the near impossibility to reproduce these fluxes in the laboratory makes it
., .difficult to measure the radiation effects on equipment under controlled
- conditions.

3.32 A sim'plified un'derstanding of the relative effects of solar flares
and other sources:of particulate radiations on material components of a° , = * .
space vehicle is obtained by expressing theirradiance of the source and .
" the maximum permissible exposure in terms of radiant energy. The results’
" are presented in the following table which also includes the permissible
exposures for man to provide a basis for companson. . . :

. TABLE 3 .
Effects of Particulate Radiation on Material Components——s’-li(?/

Irradience ‘ _ : , -
Cosmic Rays: - '1(_)3 ergs'/gr/year_;;__ ‘ ~
' Van Allen Belt (max1mum irradience): 108 ergs/gr/year _ =
"Solar Flare (each event): - ‘ 103 to 108 erg/gr" — ! o
 Maximum Permissible Exposure: _ - |
- Plastics and Organic Materials: 1108 t0 1010 erg/gr
- ‘Electronic 'Components: o ' ‘
Ceramic Capacitors "~ 1011 erg/gr
. Semi conductors (solar cells) 108 to 1010 erg/gr
'Dry Cells , | 108 erg/qr. |
Transformers, Chokes, etc. 108 erg/gr - ‘
Optical Glasses: S . , , .
Discoloration ‘ . 1010 erg/qgr -
‘ Unfit for Use 1012 erg/gr
Man: - y
’ " Chronic Exposure =~ - ' 43 erg/gr/week (.5 r/wk)
. Acute Exposure 104 erg/gr (9150 rem) '

L2/ K. G. McCraken, et al, "Comparison of Solar Cosmic Rays Injection,*
6_3/J Geophys. Res. 65, 1960, p. 2673,
' K.A. Anderson, et al, "Observation of Low Energy Solar Cosmic Rays
‘ 'wfrom the Flare of 22 August 1958," J. Geophys. Res. 64, 1960, p. 551.
P. Rothwell, et al,"Satellite Observation of Solar Cosmic Rays," Nature, -
_@/65 1960 p. 799.'
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3.33 The results of Table 3 are subject to revision as data from more ,
' space probes become available. . The results refer only to unshielded exposure
" because the interaction of high energy radiation with the material of the shield
generates secondary emission which cannot be interpreted in a simple fashion.

The table shows that exposure to a single high intensity solar flare is equiva=~
lent, in terms of irradience, to a one year exposure within the most active
region of the Van Allen belt and that man is, by far, the most sensitive com=-
ponent in the space vehicle.

3.34 The problems of protecting material equipment are therefore best

" examined in the light of the measures which must be taken to protect the

crew from lethal radiations.

a. Protection of an Apollo type capsule against a single
- flare would require shield weights of several tons
_depending upon the degree of protection required. é__?/
. Such penalty appears to be impracticable at this time,
but, should this technique be adopted, it should be
possible to develop techniques for retracting the sen-
sitive electrical or optical component within the shield
with @ minimum additional weight of equipment. The ,
table shows, in fact, that solar cells may be irremediably
damaged through. exposure to a single solar flare,7°

b. Present concepts in short duration lunar mission call

for abort whenever a flare is anticipated. It is clear =
" that a successful abort is contingent upon our ability |

to forecast a flare sufficiently in advance to insure
the safe return of the crew within the protective atmos=-
phere of the earth. The actual time of travel of solar
protons from the sun to the earth (20 min to a few haurs)
is sufficient to do so. Fortunately, forecasting tech—

&

J. Abel, Radiation Designs for Lunar Missions NASA Industry Apollo
Technical Conference, Washington, 1961

D, H. Robey, "Radiation Shielding Requirements for Two Iarge SoIar
Flare Protons," Astron. Acta 6, 1960, B. 206,

- T, Poelsche Protection Against Solar Flare Protons 7th Meetmg,
.Am, Astron, Soc., "Dallas, 1961, :

'T. Poelsche @ce Radiation Hazard , NASA Ixidustry Apollo fi‘ech-'
nical Confe:ence, Washington, 1961 ‘ ' v

'é
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niques,ﬂ/ based on the observation of sun spots
appear to be capable of giving adequate lead time
(@ few days). If the mission is aborted, return of
the capsule to within the protection of the atmos-
. phere disposes, of course, of the problems of -
- equipment protection.

3.35 - Manned lunar bases may be protected by locating them underground.
In the absence of information on the composition and nature of the lunar soil,

it is impossible to define the problems that such underground installation

would generate and the ‘depth required for shielding man and equipment
against solar flares. : .

3.36 The remaining problem consists of insuring the protection of material
.component in unmanned orbital platforms or in unmanned stations on the sur-

face of the moon. Such stations may be found to be essential to insure com-

- munication, guidance,etc. in future transfer operations between the 'ea'rth

and a manned underground permanent lunar base. This type of mission,
however, does not appear to be within the realm of our capabilities at this
time and the discussion of the relevant problems is postponed

3. 37 To summarize, solar flares present serious hazards to a number of
sensitive components even in a short lunar mission. Investigation of the
problems concerning the protection of these components does not appear to
be justified at present, because all measures taken to protect the crew can
be extended to the components. However, the problems posed by solar

flares will multiply as the lunar mission profile becomes more complex.
‘Broad new technological areas may have to, be investigated in the future
" to solve these problems. '

Lunar Environment

3.38 Because of the a'bsence of a lunar atmosphere the‘environment on
the surface of the moon is not expected to differ essentially from that'in
space., Equipment will be subjected to the full impact of meteorites, solar

_.electro-magnetic and particulate radiations as well as to cosmic rays

(there should be no lunar Van Allen belt because of the absence of lunar
magnetic field). Protection may perhaps be achieved by locating equip-

ment and crew quarters underground. Discussion of potential protective

techniques must, however, be postponed until information on the composi-

;tion, density‘and structural properties of the lunar soil become available, X2

s

K. A Anderson, Prellminarv Study on Prediction AsDects of Solar Cosmic
__z_ NASA TN D-700, 1961,

72/ | .

M. Brunschwig, et al, Estimation of thsical Constants of Lunar Surface.
University of Michigan 3544 1-F, 1961. :
52‘
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. 3.39 Additional problems concerned with lunar environment inciude:

Structure of the Lunar Crust: Minimal structural standards are required

E@@@

E’E

. for the landing and take-off of a space craft as well as the material sup-
~ port of a man or surface vehicle., Visual, ‘infrared and radar observations
.of potential lunar landing areas have been variously interpreted. Some

authorsz—z'/ maintain that maria are filled with loose dust to a depth of many
meters; others?%/ contend that the thickness of the dust does not exceed a

" few millimeters; others7—5/ affirm the dyst to be compacted to the consis~

tency of desert sand; still other L think that the maria level surfaces

“are composéd of solid lava beds. Even the proponents of lava beds cannot |

agree on the probable structural properties of the surface: is the lava

solid as earth lava deposits or have meteorite bombardment and thermal
stresses reduced it to the consistency of pumice, unable to support a
space craft or its exhaust? Attempts have been mad 78/ to simulate lunar ,
landing conditions but the results must, of course, await the gathering of
factual data." - .

3.40 ~ 'Even the nature ‘of "mountains” eme.rging from the maria is open
to questions. What is the scale of terrain irregularities? Is the surface
rolling, so that appropriate landing areas can be easily picked out by an

. approachmg astronaut or'is the surface so rugged and broken up as to pre- .
. vent landing or even excursions by a man on foot?

- ‘3 41 It is clear that some of these questions must be answered before

manned landing can be attempted. Although some freedom in selectmg

.the landing area is left to the astronaut, the limited fuel capacit 7y £ .firSt
-generation Apollo capsules will severly restrict hovering times.

A
potential collapse of the soil after landing may cause irremediable damage ;

-to the vehicle.

T. Gold, "Dust on the Moon, " Vistas in Astronautics, Vol. Z, 1959..
First Interim Report ITT 1959,

‘G.P. Kulper "The Exploration of the Moon, v Vistas in Astronautics,
Vol, 2, 1959. , '

H A. Lang, Lunar Instrument Carrier Iandmg Factors, RAND, RM1725
1956, : ,

L. E. Stitt, Interaction of Exhaust Jets w1th Simulated Lunar Surfaces,
NASA TN D1095 1962, .

3

Eac"i minute of hovermg time on the moon increases fuel requuements
for lunar landing by 3 to 4%: M.A. Faget, Lunar r Landing Con51derat10ns,

NASA Industry Apollo Technical Conference, Washington, 1961
53 '

F. L Whlpple "On the Lunar Dust Layer ; Vistas in Astronautics Vol 2, 1959 .
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3.42 The circumlunar or orbital missions initially contemplated by

NASA can only be expected to give a picture of the lunar surface more
detailed than is presently available. However, no amount of’ visual or
photographic information can furnish data on the structural properties of

- the soil. Such data can be obtained only from an unmanned instrument
~ 'package soft landed on the moon. This is the purpose of the " SURVEYOR"

program initiated by NASA. Lack of adequate information, however, does
not permit to evaluate the relevancy of this program to the Manned Lunar
Mission. Alternatively, little effort appears to be made to develop con-
cepts for landing gears allowing the Apollo capsule to land on problem
surfaces such as may be expected on'the moon. Failure to have such
systems on hand when information on lunar soil becomes available may
delay the manned lunar program.

3.43 . Thermal Problems: Because of the absence of atmOsbhere, fhe'

- lunar surface exhibits considerable temperature variations. The daytime

temperature on the equator is estimated®? at 3730 (1000 C), the ‘

nighttime temperature, at 1200 K (~150° C), During daytime, the tem- ‘ ' '
perature of a vehicle or a surface base can be maintained at the normal

earth value (3009K) by selecting the latitude of the establishment and/or

‘ by controlling the absorption of radiation by means of louvers, étc. The.

severe temperature differentials (up to 250°) between dark and illuminated

' surfaces may be reduced by proper design of the vehicle, station or

individual space.suits, to insure proper heat exchanges between surfaces.

3,44 . A potential hazard, not considered so far, consists of changes
in absorption. characteristics of surfaces and, consequently, changes in

the internal temperature, caused by deposition of lunar dust stirred by
the exhaust of the craft or the motion of a man.

3 '45 ’ During the long lunar night, the temperature will fall to some
level between the temperature of the lunar surface (1200 K) and that of
space (5° K), depending on the shape of the object, its orientation in

. respect to the surface and the characterlstics of the skin. The low noc-
turnal temperatures may be minimized by internal heat generation8l

by burying the equipment, taking-advantage of the supposedly high insulating

- value of the lunar soil. ,Under such condition, the equilibrium temperature

would not fall below 250° K, the subsurface temperature of the moon.y

First Interim Report, ITT, 1959.

In vacuum, the radiative heat losses may be minimized by selectincj sﬁr—

, faces with low absorption’ coefficients (polished silver or aluminum, etc. ).
82/ H.C. Urey, Chemistry of the Moon Subcurface Int Symp. on Space
Plight Louvecieune, France, 1961,
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- These limits refer to accelerations in the eyeball-in directiorn. .Duri'ng

3.46 - To summarize, the problems generated by lunar thermal environ-
ment are not expected to be serious. Present state-of-the=-art in vehicle
and space suit design should be adequate to insure thermal protection of
the -crew and materjal in missions of limited duration.’ Re-examination of -

‘ the problems will be réquired when missions of longer duration or permanent
. lunar bases are contemplated

 Flight Environment

3.47 This section, is concerned with the environment conditions

- generated by the motions of the vehicle in space or within the earth .

atmosphere. Because the Saturn or NOVA type vehicles are still in the
conceptual stage, the following data represent best estimates based on
scale model tests and engineering evaluations.

3 48 Accelerations. The accelerations in a manned vehicle must be
limited to a level acceptable to the crew._/ Presently accepted limits
for axial accelerations are:

Sustained acceleration (take—off) 8 to 10 g's |
Temporary acceleration (re-entry) ‘ 20 ¢g's ; e
Impact acceleration (landing) " 40 g's o

the ballistic phase of the lunar trip, 'the vehicle operates under con— s
ditions of zero acceleration.l

3.49 Maximurn angular accelerations of 15° sec=2 are Specifiedﬁé./
during operation of altitude control systems. o R "

3.50 Aerodynamic effects in the earth atmosphere as well as operation

of boosters are expected to generate strong vibrations within the 100 to
500 cps spectrum. The noise pressure level for Saturn and NOVA vehicles

"have been estimated85',87 ‘to the following values, on the basis of present’

8/

Creer, et ‘al., Influence of Sustained Accelerations on Certain Pilot
Performance Capabilities, NASA Industry Apollo Technical Conference,
Washington, 1961,

Project Apollo, Statement of Work, Phase A, NASA, 1961,

W.D. Dorland, Noise Characteristics of Saturn Static Tests NASA

Criticalitz of Subszstems for Large Launch Vehicle Lockheed ER 5388 1961

S.A. Stevenson, Payload Vibration Data Measured During Five Flights, _
NASA TN D963, 1962 '

84/
' TN D611, 1 61, . ¢ -
86/ i -

8y
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state-of-the—-art for smaller boosters:

Aerodynamic 140 to 150 db
Boosters 150 to 175 db

These levels refer to vibrations near the base of the boosters. Attenua-
tion of about 15 db is expected to be observed in the vicinity of the pay-
load. Aerodynamic noise will have its peak at lift off, for a duration of
some 30 seconds. Booster noise will have its peak 40 to 60 seconds

after lift off and will last lor 2 minutes. Data refers to LOX/LH, boosters.
Higher noise levels may be expected with solid boosters.

3.51 In addition to the preceding vibration occuring primarily at earth
takeoff, there are indications that severe oscillatory motions of the
Apollo type capsule may be experienced during re-entry into the atmos~-
phere at parabolic velocities. Because the level and frequency of these
vibrations is critically affected by the design of the re-entry body, the
re-entry parameters and the pilot maneuvers, no reliable data can be given
at this time on this type of environment.

3.52 A—r}xmber of investigations within these areas has been proposed
by NASA. 20 The value of these programs may be limited by the difficulties
of reproducing in the laboratory the high noise pressure levels which are
anticipated in the operation of Saturn of NOVA boosters.

Thermal Environment

3.53 Thermal environment within the vehicle is determined by:

a. The aerodynamic heating during takeoff or landing
within the earth atmosphere.

b. The heating from combustion chambers and exhaust.
c. The cryogenic propellants.

3.54 The flight profile of lunar boosters at or immediately after takeoff

88/

M. T. Moulton, et al, Dynamic Stability and Control Problems of Plotted
Re-Entry from Lunar Missions, NASA Industry Apollo Technical Conference,
Q/Washington, 1961,

S.C. Sommer, et al, Study of the Oscillatory Motions of Manned Vehicles
Entering the Farth Atmosphere, NASA Memo 3-2-59A, 1959,

Research on Reduction of Vibration Data. Research in the Field of Environ-
ment Accelerations. General Study of the Motion of Liquids in Containers
and Vibratory.

99/
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wiil not appreciably differ from that of conventional rockets. 91,92
Aerodynamic heating problems should therefore fall within present state—

. of-the-art practice and need not be discussed further here.

3.55 The extent of aerodynamic heating during re-entry depends on
the re-entry profile and the characteristics of ;he vehicle. The re-entry
problems have been extensively studied23= and only general con-
clusions. can be presented here. For the Apollo type of manned capsule,
the re-entry profile is dictated by the requirement to hold the deceleration

‘to values acceptable to the crew. This is achieved by having the capsule
‘re~enter the atmosphere at very shallow angles. The aerodynamic heating’

is then reduced to values comparable in magnitude to those experienced

by orbital vehicles during re-entry. Salution of aerodynamic re-entry

problems in—/med lunar missions thus appear to be within present '
if the trajectory of the vehicle at re-entry can be suitably

controlled. The re-entry guidance problems are discussed in a separate
section.

- 3.56 Technical investigations proposed by NASA.9_7/ are expected to
further consolidate the present state-of-the-art on ballistic re-entry.

e

Proposal for Orbital Docking Test Program Lockheed LMSD 89-5088,
1961,

Large Launch Vehicle System for a Manned Lunar Landing Progra
‘General Dynamics AE61-0967, 1961,

C. Gazley, "Deceleration and Heating of a Body Entering Planetary
Atmospheres " Vistas in Astronautics, Vol. 1, 1958,

F.R. Riddel, et al., 'Differences Between Satellite and Ballistic Missile
Re-Entry Problems Vistas in Astronautics,.Vol. 11, 1958

NASA Project Apollo Working Paper No. 1023 1961

I Frisch,"A Nomographic Method of Material Selection for Ablating
. Shell Structures Proceedings in Advances in. Astronautical Science,
New York, 1960.

E :

Heat Conduction through an Ablating Surface for Optimum Heat Protection.
Development of Powdered and Fiber Refractory Materials in Combination with
Ceramics for Ultra High Temperature Applications, Developrnent of Ceramic
Fibers for Reinforcement in Composite Materials, Development of High Tem=-
. perature Inorganic or Semiorganic Pilm Forming Polymers, Determination of
.- Thermal Properties of Materials at ‘Temperature Range from =250 to 1500° C.
Investi gation of "‘hernal Conduction of Non-Metallic Materials.
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‘environment in a lunar mission. An attempt has been made to classify in

‘.%3/

E'E

'3.57° No acceptable analytical method is available to quantitatively
predict the everity of base heating by convection and radiation of ex~
haust jet Early model cluster firing tests will be’ required to establish

. the magnitude of the problem and the necessary design criteria.

: 3 58 A number of theoretical studies,—/ proposed by NASA are expec-
. ted to speed up the development of thermal protection devices when the
" actual heat output of large boosters is measured.

'3.59 The problems of minimizing the heat losses from cryogenic tanks

have not been solved, particularly in the case of low temperature LHZ
tanks. The difficulties_l_O_Q/ consist in fastening the insulating materials .
to the tank surface and maintaining its integrity under the accelérations
and vibrations at takeoff; preventing excessive frost deposits and insuring

the operation of electrical or mechanical components in areas of local
low temperatures . .

3. 60 - Investigations in these areas have been proposed by NASA——I/
and are expected to eliminate some of these difficulties.

Summary : .o | o

3.61 This analysis discussed briefly the problems associated with the:

Table 4 the most important of the problems in terms of the substages of
manned lunar missions For obvious reasons, only the barest description
of the problems is presented and the table must be considered only as a
reference guide to the accompanying text.

ubszstems for Large Launch yehicleg, Lockheed ER5388

Base Heating Studies, Base Heat Transfer Measurement in Shock Tubes, .
Determination of Thermal Properties of Materials at Temperature Ranging
- from =250 to 1500° C. ' -

00 Large Launch Vehicles for a Manned Lunar Landing Program, General

Dynamics AE61~ 0967 1961,

oL “Study to Control and Avoid Adverse Frost. Optirnization of Pressure in

- Cryogenic Tanks, Including Transfer, Storage, and Ther"mal‘ Insulation.
- Low Temperature Fatigue Properties of Meétals and Alloys. , Development .
- of Adhesives for Very Low Temperatures. Investigation of Thermal Con-
* ductivity of Nonmetallic Materials. Development of Low Temperature
Dielectric Coatings for Electrical Conductors. -
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ENVIRONMENTAL EFFECTS PROJECT EE-1
BASE HEATING STUDY

Task Statement. To protect a space vehicle from booster exhaust
thermal flux. '

Justification. Base heating of large NOVA and/or Saturn boosters
is expected to be larger than that of conventional propulsion sys-
tems. Means must be provided to reduce the convective and
radiant heat transfer to structure and cryogenics.

Present Status., Neither experimental data nor satisfactory analy~-
tical methods are available to predict the severity of base heating
with large boosters. The elements of the problems will have to be
deteremined through static test when the boosters become avail-
able. Two programs have been proposed by NASA;

a. Base heating studies
b. Base heat transfer measurements in shock' tubes

In addition, several related programs on development of insulating
materials are expected to provide some preliminary information.

Criticality. The magnitude of base heating in NOVA or Saturn must
be determined as soon as possible in order to prevent design modi-
fications from delaying the program.

Mission Applicability. Surface and orbital launch of large boosters:

a. Earth Launch and Orbit Mission
b. Earth Orbital Launch Mission

References. Analysis of Environmental Effects, paragraph 3.57, page 57.




1.

ENVIRONMENTAL EFFECTS PROJECT EE-2
ULTRA-HIGH VACUUM RESEACH

Task Statement. To test the operation of conventional mechanisms in

space environment, with the purpose of determining the need for im-
proved techniques.

Justification. There are reasons to believe that seizure may occur in
mechanical systems under prolonged exposure to the ultra~high vacuum
of space, within the range of temperatures experienced in a space
vehicle.

Because space environment cannot be duplicated in the laboratory
and because absorption may be critically altered at low pressures,
there is a need to test the adequacy of present lubrication techniques
in the actual space environment,

Present Status. No program for testing in space has been proposed.

Criticalitz.' Prerequisite of Environmental Effects Project EE-3.

Mission Applicability., To all mechanical linkages (periscope, antennas
valving, gimballing, etc.) used in space vehicles and subject to space
environment:

a. All'missions.

Reference. Analysis of Environmental Effects, paragraph 3.5, page 40,




Task Statement. To develop improved lubricants and/or techniques
for operation of mechanical systems in space vehicles.

Justification. There are reasons to believe that seizure may occur in
mechanical systems under prolonged exposure to the ultra~high vacuum

in space, within the range of temperatures experienced in space
vehicles.

'If this is substantiated in Environmental Effects Project EE-2,
there is a need for developing improved low vapor pressure lubricants
and/or low frictional bearing surfaces.

Present Status. Present and proposed programs should provide improved

lubrication techniques for early stages of the manned’ lunar mission.

Criticality. Will be determined from the results of ‘Em'zironmenta‘l Effects -
Project EE-2.

Applicability. All mechanical linkages (periscopes, antennas, valvmg
bimgalling, etc.) subject to space environment: -

a. All missions.

Reference. Analysis of Environmental Effects, paragraph 3.5, page 40.
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ENVIRONMENTAL EFFECTS PROJECT EE-4
PROTECTION AGAINST SOLAR FLARES

.1, Task Statement. To protect sensitive equipment in unmanned orbital
or lunar stations against damage by solar flares.

2. Justification. Permanent unmanned orbital or lunar stations may be
required for navigation, transfer or communications in future lunar
missions. There is a need to develop techniques for protecting the ‘
sensitive components (solar cells, transistors, etc. ) in these stations
against solar flares.

Because the high fluxes of high energy particles cannot be dup-
licated in the laboratory, it will be necessary to test the validity of
concepts of protection by actual operation in space probes.

3. Present Status. A number of programs have been proposed by NASA:
a. Protons Shielding Experiments
b. Space Radiation Shielding

c. Investigation of Radiation Damage in Engineering
Materials

d. Radiation Effects on Guidance Control Equipment

In the absence of more definite information on the scope of these
programs, their pertinancy to the problem cannot be evaluated

4. Criticality. This program may be postponed until more information
becomes available on the nature and scope of future generation lunar
- missions.

5. _A_pplicabi_litv. Semi permanent or permanent unmanned orbital satellites,
- lunar stations, space probes, and other long term missions:

a., Future generation missions.

6. Reference. Analysis of Environmental Effects, paragraph 3.30, page 49.




ENVIRONMENTAL EFFECTS PROJECT EE-5
NEW CONCEPTS OF PROTECTION AGAINST SOLAR FLARES

Task Statement. Develop new concepts and techniques for the
protection of essential components in space against the high
energy protons from the sun.

Justification. Damage by solar flare to even a minor component un-
manned communication or orbital launch station cannot be tolerated for
economic reasons. Material shielding may be the answer to protecting
small components (Project EE~4) but may be found to be impractical.

Present Status. Electrostatic shieldings appear to be impractical. Mag-
netic shielding may perhaps be practical for the protection of some small
component. Development and evaluation of new concepts are needed.

Criticality, Essential in future lunar missions involving permanent or
semi-permanent space stations,

Applicability. Eventually, the concept may be extended to the protec-
tion of a manned vehicle, eliminating the need for mission abort:

a. Future generation missions.

Reference. Analysis of Environmental Effects, paragraph 3.30, page 49.

63



w e ¥l o o o

ENVIRONMENTAL EFFECTS PROJECT EE-6
PREDICTION OF SOLAR FLARES

Task Statement. To develop techniques for forecasting the incidence
of solar flares.

Justification, Protection against solar flares of sensitive equipment
in permanent lunar or space unmanned stations will probably require *
eitherinterruption of the normal functions of the station (see Project
EE-4) or the expenditure of energy (see Project EE-5). In either case,
it 1s essential that the occurance of the flare be predicted to initiate

the protective measures with a minimum down time in the station
operations.

Present Status. K. A. Anderson of NASA has outlined a technique

for the forecast of solar flare. This technique must be fully developed
and its reliability tested.

Criticality. Forecast of solar flares is essential to insure abort of
lunar manned mission and continued operation of unmanned stations.

Applicability. All manned space missions; all unmanned communication,

guidance vehicles in space or on the moon.

Reference. Analysis of Environmental Effects, paragraph 3.34, page 51.
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1,

ENVIRONMENTAL EFFECTS PROJECT EE-7
MAPPING SPACE AREAS OF HIGH METEOROIDES DENSITY

Task Statement. To determine the space distribution of large
meteoroides.

Justification. Hazards caused by collision of a lunar vehicle with
the larger size of meteoroides cannot be discounted. Meteoroide
belts having a high population density (Perseides, Leonides, etc.)
have long been known. However, there is no reason to assume that
size and frequency distributions coincide. A knowledge of the
locations along the earth orbit where large size meteoroides are
prevalent would permit to minimize hazards by proper selection of
the time of launch and mission profile.

Present Status. A RAND Report (P-Al3, 1913, 1960), has attempted
to define the meteoroide flux in terms of mass and velocity, that is,
in terms of potential collision hazards. Too few data are available
to set forth reliable conclusions.

Criticality. The results should be made a_vailable before the launching
or permanent space satellites or the establishment of surface lunar
stations.

Applicability. All manned and unmanned space missions.
Reference. Analysis of Environmental Effects, paragraph 3.9, page 43.
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1.

ENVIRONMENTAL EFFECTS PROJECT EE-8
SHIELDING AGAINST METEORITES

Task Statement. To develop techniques for reducing hazards of
meteorite impacts on essential components in lunar vehicles and
to test these techniques in space probes or satellites.

Justification, While meteorite risk is believed to be slight in a
few days lunar mission, the hazards may be expected to become
serious in orbiting stations or permanent lunar bases., Areas
requiring investigation include:

a. Development of theories on hypervelocity impacts.

b. Development of hypervelocity test techniques.

¢. Trial of promising shielding materials in space probes.,
Present Status. See Technological Support Evaluation.

Criticality. This area will become critical when permanent space

stations are established.

Applicability, Permanent manned or unmanned orbital or lunar
stations.

Reference. Analysis of Environmental Effects, paragraph 3.11, page 44.
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ENVIRONMENTAL EFFECTS PROJECT EE-9
MINIMIZING THE CONSEQUENCES OF METEOROIDE IMPACTS

1. Task Statement. To develop procedures to minimize the damage
resulting from a meteoroide impact.

2, Justification, All damaging meteoroides impacts need not be catas—
trophic. In many cases, the crew might be able to initiate counter-
measures to minimize the after effects of impact which, if left un=-
attended, might result in the loss of the vehicle. Procedures should
be developed, and equipment designed, to cope with hazardous
situations which may be encountered.

Present Status. None.

. Criticality. May improve the reliability of the over-all mission.

3
4
5. Applicability. All manned lunar missions.
6

. Reference. Analysis of Environmental Effects, paragraph 3.6, page 42.
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ENVIRONMENTAL EFFECTS PROJECT EE-10
CONTROL OF LUNAR DUST

Task Statement. To develop technique for minimizing thermal effects
resulting from the deposition of lunar dust on radiating surfaces.

Justification. There are indications that fine dust covers the lunar
surface. Deposits of dust on the vehicle or space suits of the crew
may alter the absorption and emission characteristics of the surfaces
and radically affect the heat balance. It is essential to evaluate the
magnitude of this effect and develop techniques for either removing
the dust from surfaces or for counteracting the thermal effects.

Present Status. None.

Criticality. Problems must be solved before lunar landing is attempted.

Applicability. Lunar landing vehicles, space suits, lunar bases:
a. Orbit and Lunar landing.

References. Analysis of Environmental Effects, paragraph 3.39, page 53.
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ENVIRONMENTAL EFFECTS PROJECT EE-11
LUNAR ALTIMETER

Task Statement. To develop devices indicating the altitude of the
craft during landing on the moon.

Justification, The SURVEYOR program is expected to provide information
on the constitution of the lunar surface. Some authors believe that a
thick layer of dust covers the surface. If this proves to be the case,
the dust, stirred by the exhaust of the craft, may prevent observation
of the ground. Radar and echo sounding are, of course, inutilizable.
Techniques are needed to show the altitude of the craft during the

last phases of landing.

Present Statug., None.
Criticality. Before lunar landing may be attempted.
Applicability. Unassisted lunar landing mission:
a. Lunar Orbit and Landing
Reference. Analysis of Environmental Effects, paragraph 3.41, page 53.
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ENVIRONMENTAL EFFECTS PROJECT EE-12
LUNAR LANDING GEARS

Tast Statement. To develop versatile landing gears for lunar vehicles.

Justification. Because of cost considerations, the SURVEYOR program

is expected to provide data on characteristics only from a few points

on the lunar surface. Because the extent of hovering in early missions
will be limited, the manned lunar vehicle will be required to land on

and take off from an uncharted location. Versatile landing gears, capable
of operation under a variety of adverse conditions must be provided to
minimize the possibility of collapse during landing or take off.

Present Status. Inexistent.

Criticality. This program must be undertaken as soon as data from
SURVEYOR becomes available to provide design characteristics for
the first manned vehicles.

Applicability. Manned lunar vehicles: .
a. Lunar Oribt and Landing
Reference. Analysis of Environmental Effects, paragraph 3.42, page 54.
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ENVIRONMENTAL EFFECTS PROJECT EE-13
MINIMIZATION OF CRYOGENIC LOSSES

Task Statement. To develop new concepts for minimizing cryogenic
losses in space missions.

2. Justification, 'Cryogenic losses during lunar trips are penalized by

-

o e W

increased launch welights. Present concepts, based on insulating
LOX and LH, tanks are beset by difficulties in developing adequate
insulation and fastening it to the tanks. It might be possible to
take advantage of the inexhaustible heat sink (5© K) of space to
maintain the cryogenics to temperature consistent with low rates

of evaporation. .

Present Status. Inexistent,

Criticality. Small.
Applicability. All space missions.

References. Analysis of Environmental Effects, paragraph 3.59, page 57.
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IV. GUIDANCE

INTRODUCTION

4.1 Guidance of a launch vehicle is the gathering and analysis of
intelligence, and the subsequent decisioning with which to maneuver

the vehicle along the flight path and course required to reach a specified
destination, at a given velocity and at a given time. It is the culmination
of the coordinated functioning of most of the vehicle systems; among these
are the guidance, tracking, communication, and control systems, and their
subsystems,

4.2 Thus, the interdependence of the Guidance Technical Area and
other technical areas is evident. With this interdependence of technical
areas, tradeoff considerations are numerous and interface problems are
significant. Mission accuracy versus correction requirements are trade-~-
off considerations associated with every mission and its functions. The
advantages and disadvantages of each and the capablilities in both areas
will be analyzed in establishing specific requirements.

4,3 The Guidance Technical Area includes considerations relative to:
receipt of necessary information from various sensors within and external
to the launch vehicle guidance system, the conversion of this information
to an appropriate form, the computation and analysis of these inputs, the
resulting decisions, the conversion of the decisions to commands, and
the forwarding of commands to the response centers. Figure 4 is a typical

- guidance block and information flow diagram of a launch vehicle.
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“CONRIET N

Antenna
Control
Accelerometers
Command
Receiver
Rate Gyros
Radar Decoder
Altimeter l
Digital gmmeeme—et  Signal Control
Guidance Processor Computer
Computer
Star and _ Engine
Planet Horizon Controls
Tracker Scanner Encoder V
Antenna
Inertial Stable Platform l
Transmitter
Accelerometers (Telemetry)

FIGURE 4. GUIDAN CE BLOCKAND INFORMATION FLOW DIAGRAM
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4.4 Mission parameters establish. guidance requirements. For a
program as broad as the Manned Lunar Program which includes a number
of missions, each capable of being accomplished by more than one method
or technique, the parameters become overwhelming in scope and number.
However, a discussion will be made of parameters and the resulting guid-
ance requirements based on pessimistic criteria of the various missions
and probable methods of accomplishment,

4.5 This study only concerns the guidance of what may be considered
first generation vehicles and their probable missions, It will not include
guidance requirements of subsequent generation vehicles, that is, the
vehicles capable of (1) accomplishing futuristic missions not considered
in this study, and (2) undertaking missions considered within the scope of
this study, but by utilizing techniques well beyond current and projected
state-of-the-arts of the time period under question. However, research
and study effort directed toward these subsequent generation vehicles will
be discussed.

4.6 Table 5 lists the events during which guidance occurs in the
various manned lunar missions for direct flight and interrupted flight modes.
Actually, this represents only a portion of possible types of flights derived
from the flight sequence diagram in Figure 5. Since most of the Manned.
Lunar Mission effort is still in the planning and research phases, decisions
as to the flight modes are being held in abeyance. Therefore, guidance
considerations will reflect the requirements of the most probable flight
types resulting from the various sequence combinations feasible over the
time period under consideration outlined in Figure 6 and the Apollo mission
sequence outlined in Table 6.

4.7 Guidance requirements as well as the (state-of-the-arts associated
with the various manned lunar launch vehicle missions will be discussed in
subsequent paragraphs. Guidance performances described in these sections
are required during and following the expected environments outlined in the

Environment Technical Area Plan. '

4,8 In outlining guidance requirements and capabilities, magnitudes

and tolerances presented herein include allowances for errors of measure-
ment and errors due to response and functioning of the guidance systems.

4.9 Guidance of vehicies, especially of first generation vehicles,

may involve ground support techniques. Although ground support capa-
bilities are not considered within the scope of this study, guidance
requirements and capabilities utilizing these techniques will be discussed.

It is too closely associated with vehicle guidance of first generation vehicles
to be able to discriminate between non-ground supported and ground supported
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EVENTS

Launch Pad Checkout

Earéh Launch

Asclent

Parlldng Orbit Injection
Parlidng Orbit Sustenance
Prel-Orbital Launch Checkout

!
Earth Orbital Launch

Tra;slunar Trajectory Injection
Tra;slunar Trajectory Sustenance
Traxfxslunar Midcourse Correction
Tra#nslunar System Checkout
Lunlar Orbit Injection

Lunlar Orbit Sustenance

Lunt':\r Descent

Lunlar Hover and Land

Lunlar Prelaunch Checkout

Luniar Launch

Lunlar Ascent

Lunlar Orbit Injection

Lunfar Orbit Sustenance

Lunf:-zr Orbital Launch

Trarllsearth Trajectory Injection
Traﬁsearth Trajectory Sustenance
Trarllsearth Midcourse Correction
Trarisearth System Checkout
Ear':h Orbit Injection

Eartlh Orbit Sustenance

Eartlh Re-entry

i
Earth Land

/

TABLE 6. APOLLO MISSION AND EVENT SEQUENCE
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guidance. Also, discrimination between manned and unmanned guidance

is not made in this analysis although it is readily recognized and supported
in numerous documents that manned supported guidance is more reliable
and perhaps more accurate than unmanned.

GENERALIZED STATE-OF-THE-ARTS

4,10 Prior to discussing the guidance requirements associated with
specific missions of the manned lunar program, an evaluation of gener-
alized guidance system and subsystem state-of-the-arts seems appropriate.
Information relative to the state-of-the-arts was obtained from various
sources. Some values seem optimistic; although not indicated as such,

the performances indicated probably represent that attained under near-
ideal conditions and environment, or represent engineering judgement

as to probable performances that can be obtained.

4.11 Table 7, presents an analysis of the current or near future guidance
state-of-the-arts. This represents the capabilities that will be available
for the early lunar missions. Some extension of these state-of-the-arts

is anticipated based on current research and development programs, but
until these extensions are proven, the values indicated in Table 7 should

be considered representative of current capabilities.

MISSION GUIDANCE

Earth Launch and Orbit Mission:

4,12 Prior to launch there is a complete operational checkout of all
major systems and subsystems to be utilized in the guidance of the launch
vehicle during ascent and injection into the desired orbit, and maintaining
this orbit. The philosophy of checkout will be to stimulate the systems in
the same manner and sequence occurring in flight; this flight simulation
checkout is included as part of the countdown procedures. Pre-launch
checkout is a ground support function not to be considered in this study.
However, checkout should establish the ability of the launch vehicle to
maintain guidance during this mission to assure successful accomplishment
of the mission. '

4,13 The accuracy with which a vehicle can enter and maintain proper
orbit depends on:

a. The accuracy of the impulse, a function of guidance and
control.
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b. The knowledge of instantaneous variables during impulse
such as position, velocity, and time.

c. The knowledge and effect of perturbating forces, especially
during the coast part of injection, and orbiting.

Requirements:

4,14 Ascent: Many of the systems utilized in ascent guidance will

be activated in countdown to ensure system operation as soon as launch

is initiated. During ascent, guidance requires the computation and moni-
toring of such parameters as velocity, position, and time., If the vehicle

is to enter and maintain proper ascent trajectory, accelerometers will survey
vehicle velocity and the inertial stable platform will monitor the orientation
of the vehicle to within predetermined limits. These measured parameters
are compared with programmed information by the guidance computer, which
analyzes the information and forwards subsequent commands to the control
system. Peturbations to the vehicles during ascent are monitored. Phe-
nomena such as wind shear, engine out, control malfunction, fuel slosh,
bending, vibration, aerodynamic buffeting and dynamic unbalance can cause
such disturbances. The guidance and control sensors will analyze and
command the control system to counter these inputs or abort the mission if
they are too great. Characteristics and capabilities of the sensors and the
disturbances are discussed in the Control Technical Area. These inputs to
the guidance system sensors are generally filtered out so that guidance will
result from flight parameters only. These disturbances are only monitored
and analyzed by the guidance system.

4.15 The accuracy with which the ascent trajectory must be maintained
is dependent on the accuracy with which the desired orbit is to be estab-
lished, which in turn is dependent on the ultimate mission of the vehicle
in orbit, and corrective capabilities of the vehicle in orbit or during later
phases of the flight. Each "laxity" in system performance tolerated within
a vehicle requires more stringent performance by another system in order
to maintain over-all vehicle performance. Thus, in ascent, improved
guidance will result in less stringent requirements on the corrective
capabilities of the vehicle which is highly desirable for preservation of
fuel, decrease in payload weight, etc.

4,16 In defining the guidance requirements during ascent, assumptions
will be made as to the probable orbital missions and orbital characteristics
desired. Ascent into a nominal 110 nautical mile circular parking orbit,
transfer into a 300 nautical mile circular rendezvous or lunar launch orbit,
direct ascent to a 300 nautical mile circular rendezvous or launch orbit ,
and direct injection into a translunar trajectory will be discussed.
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Other considerations will be directed toward the orbit plane angles which
may have to coincide with that of the moon or another orbital vehicle, and
coordination of the time of launch with another event, such as rendezvous
with another vehicle, ephemeris of the moon, etc.

4,17 A circular parking orbit, ranging in altitude from 100 to 125 nautical
miles is preferred._l/z/é/yThe orbit life at that altitude is compatible

with the requirements of expected parking orbit missions. Also, a satellite
at that altitude rotates around the earth 2400 per hour; a satellite at a 300
nautical mile altitude rotates around the earth at 225° per hour. Thus, if
vehicle rendezvous is to occur and the vehicles should be out of phase or
have substantial angular displacement between them, this displacement

can be decreased 159 per hour.

4,18 A typical ascent into orbit would have a first stage boost to a
velocity of approximately 10,000 fts and a second stage boost to a nominal
orbital velocity of 25,500 to 26,000 fps.

4,19 The first stage boost would last 150-160 seconds, and end at an
altitude of 35 nautical miles and a slant range of 50 nautical miles. The
flight angle would be 23-259, The dynamic pressure could approach 12
pounds per square inch; this phase of ascent encompasses the high dynamic
pressure region. This stage is burned till the propellant is depleted, then
separation occurs.

4,20 Accuracy requirements during first stage boost are not too severe.
Corrections can be made during the second stage boost at a moderate cost

in performance. During the first stage, the ascent trajectory is compared

to the reference trajectory—errors or deviations are noted. If they are too

great, it may be an indication that abort may be necessary.

v

North American Aviation, Inc., Space and Information Systems Division,
Final Report NASA Study of Large Launch Vehicle Subsystems, Oct. 1961

’

CONFIDENTIAL.
2
2/ Lockheed Georgia Co., Lockheed Aircraft Corp., Study Report Criticality
of Subsystems for Large Launch Vehicles, 7 Oct. 1961, CONFIDENTIAL.
3/

Marshall Space Flight Center, NASA, Huntsville, Ala., Orbital
Operations Preliminary Project Development Plan, 15 Sept. 1961,
CONTFIDENTIAL,

Missile and Space Division, Lockheed Aircraft Corp., Sunnyvale, Calif,
Final Report Orbital Docking Test Study, 26 June 1961, CONFIDENTIAL.
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4.21 The second stage thrust to orbital velocity for parking orbit
would be approximately 7 minutes of continuous boost to injection.

4,22 Requirements for entering a parking orbit with extreme accuracy
in altitude seems quite unnecessary; thus a 110 * 10 nautical mile limit
on parking orbits is adequate. This capability is well within the capa-
bilities of current guidance techniques. Figures 7, 8 , and 9 present the
anticipated history of the Apollo Launch Vehicle during the ascent to 100
nautical mile circular parking orbit.

4.23 Although the altitude requirements for a parking orbit may not be
rigid, the orbital plane angle requirements, again depending on the vehicle
mission, may be quite severe. For rendezvous with another vehicle, or
launch to the moon from the parking orbit, matching of the orbit plane

with a desired plane may be necessary to ensure mission success. This
can be done by injecting the vehicle into the proper plane on launch, or

by orbital plane transfer (doglegging). For propulsion economy, dogledging
is limited to approximately 5° (or A v ~ 500 fps) angular displacement.
Since it requires substantial propulsive thrust to perform doglegging, it
becomes less desirable than accurate injection into the desired plane.

If at all possible, the necessary orbit plane should be attained to within
1.0 (Av ~ 100 fps) for rendezvous. The penalty, or additional velocity
increment needed for transfer into a new plane has been analyzed for a
vehicle at an altitude of 263 nautical miles;é/ Figure 10 relates the velocity
increment required for plane changes.

4,24 Direct injection into the circular 300 nautical mile lunar launch

or rendezvous orbit will result in more stringent requirements of guidance
especially if rendezvous is to occur with a vehicle already in orbit.

Vehicle velocity will have to be maintained to within 5 feet per second, and
plane angle deviation to 0.5°, To do this, altitude will have to be deter-
mined to 1 x 10"3, accelerationto 1 x 10’4, time to 1 x 10'6, attitude
reference to 0.1°, and azimuth to 0,19,

4,25 The accuracy requirements associated with direct injection from
earth into translunar trajectory are of the same order of magnitude associated
with orbital injection into translunar flight which are discussed as part of
the translunar mission. With launch from earth rather than orbit, launch
time and direction becomes much more critical.

5/

NQRAIR Division, Northrop Corp., Hawthofne .. California, Preliminary
Parametric Analysis for an Orbital Rendezvous Base System, 19 October
1961, UNCLASSIFIED.

6/

Lockheed Georgia Co., op. cit,
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© 4,26 A three dimensional studyl/ analyzed the accuracy requirements
- of lunar trajectories to strike (hard-land) the moon, for three dates:
November 7, 15 and 23, 1959. The analysis assumed a vehicle burnout

. altitude of 388.5 statue miles and a burnout velocity 7.177 statue miles
per second. Only one error at a time was assumed present. The results
are listed as:

Allowable Sprecad

Parameter ' ‘ Nov., 7 Nov, 15 Nov, 23
Altitude (st. miles) (-14.5 t0 21.2) (-.18 t0 22.0) (-1.9 to 55)
Velocity (fps) ~ (-79.0 to 101.0) (~10.0 to 82.0) (-9.9 to 124)

Earth Angular ‘
Displacement (degrees) (-.202 to .075) (-.43 to .06) (-.067 to 1.56)

Aximuth (degrees)  (-.202 to .075) ' (-.03 to .32) (-.28 to .4l)
Flight Path (degrees) (Not given) (-.075 to .264) (-.35 to .002)

This hard land on the moon will occur &t any zoint on the moon; the point
of impact was not conirolled in this analys:s, This data shows the signifi-
cance of the earth/moon position in the irgjectory requirements of the
vehicles, indicates the magnitude of the allowable spread in narameters,
and reveals the presence of significantly fluctuating requirements.

4,27 The probability for necessary abort is greatest during the launch
or ascent phase, and guidance wiil have to be decided when and if to abort.
Conditions justifying abort are: ' '

a. Too great a trajectory deviation.

b.. Boost stage does not ignite,

c. Sensors indicate possiblity of explosibn.
" d. A critical system becomes inoperative.l

e. The éutopilo’; becomes unstable.

4,28 Orbital Transfer: Vehicle transfer from circular orbit at one

altitude to a circular orbit at a second altitude, expected to be Hohmann
(minimum energy ellipse) transfer, is another ascent (or descent) and orbit
injection consideration. For transier, the ephemeris of the present orbit
must be determined, the characteristics of the new orbit must be established,

» — -
—/ A. Petty, I. Jurkevich, M. Fabrize, and T. Coffin, Lunar Trajectory Studies,
General Electric Company, Missile and Space Vehicle Dept., AF CRL 507,




LY

then the guidance system will then calculate the velocity boost (or retro
for descent)/time relationship necessary for the orbital transfer. Again,
accuracies are a function of missior.., If rendezvous is to occur following
transfer, then the accuracies will be expected to be comparatively severe.

4,29 Orbital transfer techniques will utilize the digital computer,

stable platform, signal processcr, control computer, and for early missions,
the command link. Data to be established prior to transfer are: angular
data for altitude, magnitude of the velocity increment, and the time for
ignition. The magnitude of the impulse must be held to very close toler-
ances; the direction of impulse is insensitive to small errors; thus, is not

so critical.

4,30 During transfer for rendezvous, the position of the target vehicle
with respect to the chaser will have to be esieblished and monitored
constantly; the transfer will be ccordinated with this relative positioning.
Acquisition of the target vehicle will probably cccur at & range of 400-600
nautical miles, the expected radar range. 8/9/

4,31 To transfer from a circular 110 nautical mile parking orbit to a
300 nautical mile rendezvous or launch orbit involves a boost of 450-500
feet per second at the beginning of transfer, a midcourse correction capa-
bility of 150 feet per second, and a boost of 400 to 500 feet per second to
circularize the orbit at 300 nautical miles. The operation will take approx-
imately 45 minutes to I hour, in tim=2 and 1800 cf angular displacement
round the earth. It will begin when the vehicles have 70 or less of earth
angular displacement between them; the lower altitude vehicle lagging the.
higher altitude vehicle up to 7.1° or leading by no more -than 6 .40,_1_9/_1_1/

4,32 Through transfer, the line of sight must be established to * ,010,
range between vehicles to .1%, a range rate to 1 foot per second, and
velocity to ¥ 5 feet per second. The attitude, acceleration, time, altitude,
and injection azimuth errors should be the same as that discussed previously
for direct injection into a 300 nautical mile orbit._l_z_/ ,

8/

8/ General Dynamics/Astronautics, A Study of Large Launch Vehicle Systems
for a Manned Lunar Landing Program, 9 October 1961, CONFIDENTIAL.

10/

-— Lockheed Georgia Co., op. cit.

Lockheed Georgia Co., op. cit.

\O

bt
—

H. A, Lieske, Rand Corporation, "Accuracy Requirements for Trajectories
in the Earth-Mocon System," Vistas in Astronautics, Vol. 1, 1958, UN-
CLASSIFIED,

ﬁ/ .

Lockheed Georgia Co., op. ci
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4,33 The accuracies to which the ephemeris must be established
prior to transfer have been analyzed by NASA,l_3/ Assuming an accept-
able error of 8 km in position following transfer, these accuracies are:

Velocity , 0.9 rn/sec or 3 fi/sec
Path Angle 0.01 degrees

Azimuth Angle ' o 0. 13'degrees

Altitude ' 0.9 kmor 0.5 nm
'Position along Orbit 11.4 km or 6 nm

Position along Perpendicular to Orbit 3.3 km or 2 nm

4,34 If the transfer is to be coordinated with the flight of another

vehicle, premature or late initiaticrn of the transfer could have disasterous
results on the mission. Premature transfer could necessitate substantial
retro or slow down of the vehicle during transfer or after it was in orbit;
late transfer could necessitate SLbeaHtlal boost to catch up to the other
vehicle, only to be followed by retro to slow down to rendezvous velocity.

4,35 Maintaining Orbit: The time which a vehicle remains in orbit is
dependent on the vehicle mission and the vehicle orbit altitude of velocity
In a parking orbit at an altitude of 100-125 nautical miles, the vehicle
veiocity is approximately 25,500 feet per second and the life of the
vehicle is a minimum of 40 hours without corrective boost., In a 300
nautical mile circular orbit the vehicle has a minimum normal life span of
two years at a velocity of 26,000 feet per second. The approxXimate rate
of altitude decrease is 5 to 50 km and .001 to .050 km per day at the
lower and higher altitudes, respectively. The vehicle slows down due

to atmospheric drag, a function of the vehicle drag coefficient, atmospheric
density, vehicle cross-sectional area and the vehicle mass., As it slows
down, it drops to the earth into more dense atmosphere, which slows it
down additionally, etc. Perturbations to the earth orbits are due to many

13
—/NASA, Huntsville, Ala., op. cit. .

—




phenomena: earth oblateness,_lﬁ/ lunar and solar effects,_l_fl/l_é/ gravi-
tational anomalies, and from guidance injection errors. Depending on the
subsequent mission of the vehicle or the accuracy with which it was
aitained, it may be necessary toc change the plane of the orbit (dogleg)
during the vehicle orbital flight.

4,36 If the vehicle begins to descend to earth, the guidance and tracking

sensors will have to deiect this change in orbit in order to supply corrective
boost. Also, since this mission cen be a long term mission, errors due to
drift of the inertial guidance system become significant and realignment of
the stable platform is required. Regression of the orbit plan occurs due to
oblateness of the earth and the other perturbations mentioned previously;
this occurs in a direction opposite to rotation of the satellite around the
earth and is a function of the incliration of the satellite plane to the equator
as shown in Figure 11. For incliration of 300 and a 110 nautical mile orbit,
the regression rate would be .48C/satellite revolution; for a 300 nautical
mile orbit, the regression rate would be .440/satellite revolution. In
maintaining orbit around the earth, it is very important that the ephemeris

of the orbiting vehicle be establislhzd and constantly momtored accurately.
For orbital missions such as orbkit wransier, lunar launch, orbital rendezvous,
and orbital docking, the orbit parameters should be est E.D‘lahed to the fol-.
lowing limits: 17/

Vehicle Velocity + 3 feet/sec.
Altitude + 0.5 nautical miles
Position along orbif ’ | + 5 nautical miles
Azimuth Angle + .01 degree

Path Angle + .01 degree

Normal distance from orbit plane 2 nautical miles

I+

Earth oblateness caused inaccuracies of up to 0.1° in establishing
the.a*titude of earth oriented bodies.,

U.M. Hatcher and E.F. Germain jr, Study of a Proposed Infrared
Horizon Scanner for Use in Space Oriented Control Systems, NASA,
TN-D-1005, Jan. 1962. ‘

G.E. Cooke, Luni-Solar Perturbations of the Orbit of an Earth Satellite,
Royal Aircraft Establishment, Technical Note No. G.W, 582, July 1961. .

The Expected Life of Explorer VI was shortened by a factor of ten by
Solar and Lunar Perh.bations.

Peter Musen, On the Long Period Luni-Solar Effe

Artificial Satellite, l\lAbA TN 1041 :

ect in the Motion of an

1 .
17/ NASA, Huntsville, Ala, cp, cit.
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State-of-the Arts

4,37 As mentioned previously, guidance establishes vehicle position,

velocity and time; it involves not only the sensing and measurement of

these parameters, but the subsequent analysis and control of them. 1In

discussing the guidance state-of-the-arts all' of these functions will be ‘
|
|
|

be considered and reflected in the evaluation.

4,38 Radio guidance systems, cimilar to that in use at the Atlantic
Missile Range (AMR), Cape Canaveral, Florida exceed all guidance
requirements for this mission; however, this technique is hampered by
line-of-sight considerations. Substantial ground support would be .
required throughout the world; thus, incriial systems backed up with a
tracking system will probably be usad.

4,39 It is within the present technical capabilities to maintain an
injection velocity of approximately 26,000 feet per second to + 5,0 feet
per second using precision.accelerometers although + 2.5 feet per second
may be attainable in the very near future. Injection or ascent angles

can be held to + .02° using inertial systems.18/ This is adequate for
orbital operations expected within the near future. It is anticipated that
improvement in inertial system and accelerometer performance will provide
the improvement for lunar operations within the next few years.

4.40 . Typical precision accelerometers are accurate to 1.0 x 10"4g or
better. Guidance system drift during injection would range from .002 to

.02 degrees based on estimated acceleration sensitive drift of 0.l1tol.0

x 10™3 degrees per thousand fee: per second of velocity added by thrusting,
mass unbalance drift coefficients to .0l to 0,1 degrees per hour per g., and
anisoelastic drift of .02 degrees per hour per g4.19/

4,41 The guidance accuracy requirements for injection are within the
state-of-the-arts, and very nearly satisfied by systems being delivered,
such as the Centaur, Atlas, Saturn, and the Minuteman inertial systems.@/

4,42 A summarization of guidance accuracy requirements for the Earth
Launch and Orbit Mission is presented in Table B. The requirements
indicated are within the state-of-the-arts.

Orbital Rendezvous Mission

4,43 Orbital rencezvous begins with the acquisition of the target vehicle
by the chaser vehicle, and ends with completion of terminal guidance or the
beginning of the docking phase, at which time the vehicles are coasting

18/ Lockheed Gezorgia Co., op. cit.

19/
~* ILockheed Georgia Co., op. cit.

20/

North American Aviation, Inc., op. cit.
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Parking Orbit Ascent

Rendezvous or Launch
Orbit Ascent

‘Orbit Transfer

.Maintaining Orbit

TABLE 7a

PARAMETERS

Velocity
Altitude (control)

. Angular Deviation

(Azimuth and Pitch)(control)

. Time

. Velocity (control)
. Altitude (mezsurement)

Azimuth (control)

Pitch (conirol} :

Plane Angle Deviation (control)
ttitude Reierence (measurement)

. Time (measurement)

Acceleration {measurement)

Velocity (control)

. Altitude (measurement)

Azimuth (control)

Attitude Reference (measurement)
Time (measurement)

Acceleration (measurement)

'Target Acquisition Range

(measurement)

. Target Range Rate (measurement)

Velocity (control)
Altitude (measurement)
Azimuth (measurement)
Path Angle (measurement)

Position along Orbit (measurément)

Normal Distance from Orbit Plane
(measurement)

97a

A SUMMARIZATION OF GUIDANCE REQUIREMENTS

ACCURACY
REQUIREMENTS
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together. Both vehicles could be unmanned-—under such circumstances

rendezvous would probably be controlled by ground support commands,
or possibly by command link to another manned platform or vehicle. At

times the chaser may be manned, or the target vehicle—or both vehicles.

If the chaser vehicle acquires the target vehicle from a parking orbit,

Hohmann or minimum energy orbit transfer, could be included as part of

this mission. The requirements associated with orbit transfer were discussed
in the previous section. Guidance during this mission is divided into two
separate phases: coarse and terminal. The coarse, or initial phase, places
the chaser vehicle at a distance at which terminal guidance techniques can
begin. Essentially the same launch vehicle systems are utilized in both
phases of guidance; however, the capabilities of the systems for terminal
guidance are generally more refinec.

4,44 In rendezvous guidance, the tracking radar system prov1des data
to the guidance system to compute range, range rate, line-of-sight angular-
displacement, and line-of-sight angular displacement rate. The computer
uses the radar antenna angles as information for generating commands for
attitude control maneuvering. Accelerometer outputs are used primarily

as line-of-sight angular rate and thrustiesrmination determinators. The data
are analog (although digital acceierometiers are being developed) and are
digitized for computation and aralysis (compared with programmed trajec-
tories). Digitized analyses are converted to analog form and are forwarded
as instructions to the control system.?y

4,45 The computer is essentially the brain of the chaser, it provides
soluticns to the terminal guidance equations and handles much of the
mission sequencing. The closing rates are computed and monitored by

the computer; braking is accomplished through the thrust reversal or retro
system. On command from the computer, the control system nulls line-of-
sigat angular rates and maintains this null orientation. The horizon sensor
establishes a common roll reference between the two vehicles. The optical
alignment system provides accurate attitude alignment along the line-of-
sight during the final phase of terminal guidance. A television camera would
assist in manned rendezvous.

‘Requirements: )

4,46 Coarse Guidance: The requirements of coarse guidance need not
be speciiied to close tolerances; there is adequate time to adjust and cor=
rect to close tolerances during terminal guidance.

4,47 Coarse guidance should acquire the target over a short range of
at least 400 to 600 nautical miles, and guide the chaser to within a slant

1/
2% W.E. Brunk and R.J. Flaherty, Methods and Velocity Requirements for the

Rendezvous of Satellites in Circumplanetary Orbits, NASA, TND-81, Oct. 59.




range of 5 to 10 nautical miles of the target. This phase could also
include the orbit transfer discussed in the previous section. Assuming
proper functioning, this phase should last 45 to 70 minutes. The position
of the chaser vehicle with respect to the target vehicle at the completion
of this phase is somewhat arbitrary; it should be compatible with the capa-
bilities of terminal guidance of the vehicle. |

4,48 Iowever, it is extremcly important to establish the flight param=~
eters of both vehicles accurately in order that terminal guidance can be
carried out accurately to ensure maximum fuel economy. Flight path errors
of 0.1° to 1.0° require a velocity change of approximately 100 fps; velocity

~.errors of up to 10 fps are compensated by velocity change of approximately

70 fps. Required accuracy of measurement will be discussed later.

. 4,49 Terminal Guidance: Terminal guicdance systems should operate

omnidirectionally over a slant range of 5 to 10 nautical miles. The closing
rate of the vehicles should be such as to complete this phase in no more than
15 minutes. The difference in vehicle velocities within 1000 feet of
rendezvous should not exceed 10 ft/sec. This closing velocity should be
established to within 1 ft/sec. Optical alignment and guidance should also
be used for the last 100 feet of separation till the docking phase begins.

The last coirections to altitude, velocity, and position should be made by
this time. Optical alignment errors should not exceed 1.0° in roll, and

0.1° in pitch and azimuth. Axial displacement should not exceed 1 foot

at the end of terminal guidance.

Range Rate Accuracy: ' 1% or + 1 ft/sec
Angle of Vision: o + 900,

4,50 SATURN radar altimeter is good to 450 km with velocity (altitude
rate) and altitude errors of 8 meters per second and 30 meters, respec-

tively.22/ 23/

4.51 Parameters of rendezvous vehicles should be measured to the fol-
lowing accuracies. Eﬁ*./ :

Velocity - | .1 meter per second

Path angle C - .001 degrees (terminal)

North American Aviation, Inc., op. Cit.

' NASA, Huntsville, Ala., op. cit.

S

NASA, Huntsville, Ala,, op. cit.
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Azimuth angle .001 degrees (terminal)

Altitude ,10 km
Positon along orbit ' 10 km
Normal position to orbit plane - 10 km

State-of—the-Arts:

4,52 Infra~red horizon sensors will be used for attitude reference; it
will establish the horizon to within 0,10, Thus, total reference misalign-
ment could be 0,20,

4,53 Doppler continuous wave tracking techniques proposed for use in
vehicle rendezvous supposedly establish over a range of 1000 km, relative
vehicle velocities to 1.0 meter per second, path angle to 0.19, azimuth
angle to .019, altitude to 1.0 km, position along orbit to 10 km, and
position out of nominal orbital plane to 10 km.

‘4,54 ‘Currently used pulsed radar technicues have, in general, signifi-

cantly greater errors. For ranges of 160 {¥~Band Radar and 600 (Km Band
Radar) nautical miles, range can bz detarmined to + + .0374, range rate to
+ 1 fps, angle to + 0.10 and angle rate to + O.Ozo/sec._%_5/

4,55 Terminal Guidance Radar (X-Band) with a range of 50 ft to 6 nm,
can establish range to + 1 ft, range rate to 0.1 fps, angle to + 6.06° and
angle rate to + 0.0060/sec. C and L Band Systems with a range of <« 1 ft.
to 4 n. miles, can establish range to + 3 ft, range rate to + 0.1 fps, angle
to + 0.06° and lateral displacement at a range of 1 ft to 0.1 ft.

4,56 For ranges of 100 ft. to 2000 miles, the following reflects the
radar altimeter state-of-the-art for measuring various pararneters:26
Range Accuracy: 1% or + 5 ft.
Range Rate: 1 ft/sec to 600 ft/sec

Table 8 summarizes the rendezvous trackmg accuracy capabilities and
requirements,

"QOrbital Docking:

4,57 Docking, which begins when terminal guidance of rendezvous
ceases, covers the time period of approach or coasting together, and

25/
26/

General Dynamics/Astronautics, op. cit.

General Dynamics/Astronautics, op. cit,
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subsequent mating of the vehicles. The functions of guidance in this
mission are: to monitor the flight conditions initiated in rendezvous
terminal guidance, to measure and monitor range and‘range rate between
vehicles, ascertain the need for aborting the mission should conditions

exist that may require such a decision, and maintain guidance of the
mated assembly,

4,58 Deilinitions of the scone of crbital docking seems to vary, some
definitions include terminal guidance as part of this ‘mission, which for
the study is considered a rendezvous function.

Requirements:

4,59 It is difficult to establish definite parameters under which
orbital docking will occur, The 'C‘:i“nary requisite of the mission is to
bring together two vehicles in orbit resulting in no damage to either
vehicle or payload. To pinpoint the altitude .at which it occurs, the
distance between vehicles when it begins, the closing rate, and the
accuracies in measuring these values, seems irrelevant to the mission
just as long as the vehicles are enjineered to accept the maximum
parameters expected. However, an attempt will be made to discuss
the most probable ranges of conditions under which docking will occur

in earth orhit, earthbound or lunar bound.

4,60 The vehicles, following rendezvous terminal guidance, will
essentially be in the same nominal orbit, approximately 5 to 25 meters
apart; the closing rate should not exceed 3.0 to 5.0 meters per second;
the closing period should last no more than 30 seconds. Lateral displace-
ment at mating should not exceed 0.2 meters. Angular alignment of the
renicles within 1© will probably be necessary.

ven

4.61 Because of the short ranges involved during this mission, just
prior to contact of vehicles, pulsed radar techniques will probably not
be able to provide necessary information, such as range and range rate,
with.the accuracy and information rate desired., Television, optical, or
short range micro-wave techniques involving triangulation could be .
considered. The closing rate should be established to within 0.3 meter
(1 foot) of the true values down to .3 meters (1 foot) from contact. Align-
ment of the vehicles will probably have to be monitored using optical
techniques. Optical alignment techniques, with expected errors in roll,
pitch, and azimuth of 1,00, 0, 10, and 0,19, respectively, will be
required.
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4,62 An analy51s_/ of doc“mg errors using persimistic 1nputs to the
guidance systems such as three sigma range errors of 9 meters, velocity
errors of 0.5 meter/sccond, and roll misalignment of 5 degrees, revealed
that pitch and yaw errors of only 0.18 and 0 21 meters, respectively,

would be expected.

4,63 The primary sources of lateral docking miss are range errors,
residual thrust, accelerometer bias, and roll mlsalignment.z_s/ The
contribution of each is listed below:

Pitch ‘ Yaw
- 1. Radar Errors <16m .16m
2. Residual Thrust , . 051 ? .051
3. Accelerometer Bias . 054 .054
4. Roll Misalignment 0 , L105
.18m (rms) .21m (rms)

‘Radar errors are due to errors in establishing angular rate and range errors;

residual thrust errors are due to value and relay action crrors (50 ms); ac-
celerometer bias is due to & bias of .003 m/sec (.01 fps® ), the roll error
is due to 5 roll misalignment.

4.64 Table 9 analyzes the errors expected in docking as to source
and magnitude. '

State of Arts:

4,65 In ranges of 5 to 25 meters, pulsed radar techniques can establish
range to 1% accuracy. In range rates of 1 foot/sec. to 6000 feet/sec. .
pulsed radar techniques can establish range rate to 1% or + 1 ft/sec.
Angular rates of up to 1149/sec. can be established to + 1 min/sec.
Inirared horizon sensors and optical star trackers can currently supply’
attitude reference to within 0. 5° accuracy; this will be improved to 0,1°
in the next few years.

- 4.66 - With little effort, optical techniques at ranges of 0 to 25 meters

will be able to establish axial alignment to + .060, range to + 0.1 foot,
lateral dlsplaceme“lt to 0.1 foot, and roll to. 1 00, respectlvely.

27/
28/

Lockheed Aircraft Corp., op. cit. "

Lockheed Aircraft Corp., Missile and Space Division, Sunnyvale,
Calif., Proposal for Orbital Docking Test Program, Volume I, Parts I
and II, 26 June 1961, CONFIDL\TIAL

29/

Lockheed Aircraft Corp. , Op. cit.




o TABLE 9
ERROR SOURCES AND UNCERTAINTIES FOR
ORBITAL DOCKING L/

Type Error Magnitude
(lo)
1. 'IRP Misalignment
' Roll and Pitch Axis Errors
horizon sensor alignment ‘ ‘ -~ .033°.
horizon sensor accuracy .1°
equivalent horizon noise .03°
‘thrust misalignment , .038°
control system errors .03°
vehicle misalignment .1°
.156°
Yaw Axis Errors
gyrocompassing error —
thrust misalignment L L1220
control system error . .078°
vehicle misalignment .1°
2. Gyro Drift Errors
~constant drift rate .1743 deg/hr
mass unbalance : : 2.0 deg/hr/g
anisoelasticity .02 deg/hr/qg?
3. Accelerometer Errors :
" bias , 4.658 X 10~5g
scale factor 10.0 X 10“52/g
nonlinearity | .45 X 107°g/g2
misalignment ‘ .033°
4. Ground Guidance System Errors )
Change in Tangential Velocity .66 m/sec
Change in Radial Velocity 1.91 m/sec
Change in Normal Velocity ) 1.77 m/sec
Change in Tangential Position 7.22 ft
Change in Radial Position 57.4 ft
Change in Normal Position 42.6 ft

1/

Lockheed Aircraft Corp., Missile and Space Division, Sunnyvale, Calif.,
Proposal for Orbital Docking Test Program, Volume 1 , Parts 1 and 2,

126 June 1961, vCrmhiiiiaeee
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4,67 Table 10 assesses the guidance state-of-the-arts and the
requirements for orbital docking. It is evident ‘that a technique for
monitoring orbital docking and aligning the vehicles over the last

few seconds and last few feet of travel will be required. Other than
this, the requirements of guidance and the state-of-the-arts for orbital
docking are compatible.

Orbital Transfer, Assembly, Repalr. Maintenance, and/or Checkout:

4,68 For the scope of this study, guidance considerations in this
mission are limited, and are dependent on the extent to which the
operations are performed and on subsequent missions of the vehicles
involved. Statements regarding the requirements of guidance during
this mission are for the most part generalized.

4,69 Pertxirbations to the orbiting vehicle due to the performance of
any part of this mission will have tc be compensated in the guidance of
the vehicles. For example, during external assembly, ‘material transfer,
or repair, the ephemeris of the vehicle could be altered since drag
characteristics of the vehicle wouid be affected. Guidance will initiate

corrective measures or establish the edjusted ephemeris to the accuracies

desired, as discussed previously in the Launch and Orbit Mission.

_ Perturbations due to internal facicrs, such as by the movement of equip-

ment and personnel within the vehicle could arise, but these will be
filtered out by the guidance sensors. It is not expected that perturbations
of this type will be significant. '

4,70  During the transfer of material or man between vehicles it is
essential that the relative position of vehicles be maintained constant.
Mating or direct contact of vehicles during this operation will resolve

this problem. Without contact between vehicles, the ephemeris of the
vehicles and the operational characteristics will have to be essentially
identical—impossible using current guidance techniques and state-of-
the-arts. Also, collision of the parallel orbiting vehicles is a danger that
could occur under such mission conditions—the guidance of both vehicles
‘will have to prevent this.

4.71 In orbital checkout, as in pre-launch checkout, the philosophy

of checkout will be to stimulate the systems in the same manner and
sequence as occurring in operation. Initial orbital checkout procedures

will involve self checkout techniques with the results being telemetered

to ground-support data receipt and processing stations. Later technigues
will involve checkout between mated vehicles, i.e., orbital launch platform
and a lunar vehicle. These checkout operations should establish the ability
of the vehicles to maintain proper guidance during the current and subsequent
missions. '




TABLE 10

ANALYSIS OF DOCKING GUIDANCE REQUIREMENTS |
AND STATE-OF-THE-ARTS

Docking Requirements:

Parameters:

Range (max)

Range Rate (max)

Closing Period (max)
Lateral Displacement {max)
Angular Alignment

Measurement Accuracies:

Range

Range Rate

Roll Alignment
Pitch Alignment
Azimuth Alignment

‘Docking State-of-the-Arts:

Measurement Accuracies:

Range (5 to 25 meters)
Range Rate

Pitch Alignment
Azimuth Alignment
Roll Alignment

Lateral Displacement

5 to 25 meters
3 to 5 meters per second
30 seconds

0.2 meter
10

0.3 meter

'0.3 meter/second

1.0° or better

0.19°

0.1

1% .

0.3 meter/second
0.06° with little -
0.06° ‘additional
0.2 effort

0.03 meter



C 4,72 As far as can be determined, the effects of the mission flight

conditions, which in turn define guidance requirements, have not been

ann1\77pd—1f igs ronsidered negli gihle in comparison to other perturbations

to the vehicle,

Earth Orbital Launch and Translunar Flight

4.73 Guidance responsibilities associated with this mission deal"

with: (a) launch or injection prediction and monitoring, (b) abort guidance,
(c) pre-launch alignment of vehicle and guidance systems, (d) trajectory
determination, (e) correction computation, (f) navigation, and (g) correction
guidance.

4,74 Prior to orbital launch, it WLH be essential that the position,
velocity and time relationships of the vehicle be established. This could
be accomplished by vehicle sensors, or by ground support stations from '
which the information could be subsequently telemetered to the vehicle.
Based on the vehicle and moon positions and ephemerides, and the position
of the perilune or desired lunar landing co'rridor, a reference trajectory will
be established. Optimum launch positions exist and will be established
for each translunar flight depend:ny on intent of the mission; an attempt
should be made to launch from these positions. Anticipated errors and
subsequent necessary corrections shculd be computed based on actual

" launch position, time, and velocity. When a trajectory is synthesized,

the factors to be considered are:
1. Launch site or location.
2. Allowable launch azimuth.
3. Plightvp‘ath angle.
4, Injection altitude.
5. Earth and moon ephemerides.
6. Desired lunar mission.
7. Flight time.
If the flight is to be cislunar or circumlunar‘, ‘other considerations would be:
1. Return site. |
2. Return route desired.

4,75 Primary sources of data for the determination of vehicle location
and velocity will be the inertial platform, accelerometers, and the optical
tracking systems. Backup information may come from ground: support
stations. o
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4,76 The accuracy requirements of the vehicle trajeétoxy are very
stringent. An inertial guidance System, whose errors are proportional
with time, must be realigned at intervals using star or planet trackers
which, in turn,have limited capability. Thus, consideration must be
given to corrective maneuvers, and what must be done to keep these
maneuvers at an economical level of propellant utilization. As in all
guidance considerations, the recuirements for such a mission are a

- function of the desired mission goals and correction capabilities.

4,77 A three dimensional lunar trajectory analysis established
allowable errors for injection velocity, injection angle, heading angle
and position angle for lunar impact and lunar orbit missions. This study

"assumed launch from a 300 statute mile circular earth orbit with no mid-

course corrections. Tables 11 and 12 present data and a summation,
respectively, of these errors. In the trajectory analyses, for each flight

~analyzed, only one error was assumed in order to establish its effect

on the mission. However, combinations of errors in initial conditions
were also investigated for several irajectories and it was found that miss
distances were directly additive for the range of errors investigated.

This study also established that "the accuracy required to hit within a
hypothetical sphere with radius equal to the moon radius, but with center’
a few thousand miles from the ‘center of the moon, is greater than that
required to hit the moon. However, satisfactory orbits for a relatively
close lunar satellite can be obtained with accuracies in initial conditions
approximately equal to those required for lunar inpact. When the space
vehicle is spin-stablized at injection, careful consideration must be
given to the choice of injection angle (and thus retro-rocket orientation)
in order to achieve satisfactory lunar orbits," 30

4,78 The penalty in the form of plane change assoc‘iatedwith early or
late launch is shown in Figure 12,31/

4.79 A comparison of the results of investigations into allowable errors
for orbital launch and translunar flight, and the guidance state-of-the-arts
makes it evident that midcourse corrections are necessary. An analy-sisi@/

. resulted in recommendation of a total (37) midcourse correction of 93 feet

per second and a reserve capability of 150 feet per second., A typical

Langley Research Center, Langley, Va. » Three Dimensional Lunar
Mission Studies, NASA Memorandum, June 1959, UNCLASSIFIED.

31/

NORAIR Division, Ncirthrop Corp., Hawthorne, Calif., Preliminary
Parametric Analysis for an Orbital Rendezvous Base System, 19 Oct. -
1961, UNCLASSIFIED, R '

2/
3N

orth American Aviation, Inc., op. cit.
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precision accelerometer could give a total velocity error of 11 feet per
second in a 3 hour injection; a midcourse correction of about 90 feet per
second will be requn"ed A drift of 0.06 degree in'3 hour lift-off will
require a correction of 12 feet per second to avoid a 250 statute mile
miss of destination. ‘

4,80 Centaur guidance could establish characteristics of the launch
vehicle translunar flight such that the following midcourse corrections would
be as indicated: 33/ ‘

1. Orbital Launch: » S

Position, o0 = 2 n.m.

Velocity, o = 4 frs

Flight Path, ¢ = .02 L
2. Midcourse correction 145,000 nm from earth:

Velocity correction, o = 4,5 fps (earth direction)
3. Midcourse correction 17,000 miles from moon:

Velocity correction, ¢ = 3.0 fps (each component)
4, Perilune 67 miles from moon:

Position, o = 1 n. m. (each componént)

Velocity, o = 2.0 fps (each component)'
5. Earth Re-Entry: '

Position, ¢ = 6 n.m. (horizontal)

o = 0.1 n.m. (altitude)
.Velocity, o = 7 fps |
Flight Path, o = .02°

4,81 This is based on a mathematical trajectory analyses of the
translunar and transearth flight assuming the following system capabilities:

Star Tracker: o = 1/6 minute
" Horizon Sensor: nm = 6 minutes |
" Planet Tracker: o .= 1/3 - 1 minute

33/

NASA, NASA-Industry Apo

the Papers Presented July 18, 19, 20, 1 61, PR

116 Technical Conference-A Compilation. of
9
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Gyrb—Stable Platform:

Fixed Drift 3¢ = 0.05%hr.
Mass Unbalance 30 = 0.19/hr/g -
Anisoelastic 3¢ = 0.02/hr/g?®
Accelerometers: |
Bias N 30 = .0001 g
Scale Factor 30 = .0001 g/g

This apparently is representative of the near future state-of-the-arts.
However, the star and planet trackers, horizon sensor and stable plat-
form performances seem optimistic,

- 4,82 Table 13 lists the translunar guidance requirements for a numbey

of lunar missionséé/ Figure 13 shows the sensitivity of the perilune attitude .-
to vehicle launch velocity, flight path angle and timé‘ error of launch as
a function of burn-out velocity.

4,83 It is obvious that the state-of-the-arts of guidance is not adequate
to fulfill the requirements of translunar flight, without midcourse corrections,
The anticipated amount of corrections necessary seems to vary; however,

the concensus of opinion suggests up to a total of 250 feet per second.

This could be v‘ery optimistic, With such a corrective capability, current
guidance techniques and capabilities are supposedly adequate for any of

the translunar flight missions: cislunar flight, circumlunar flight, lunar orbit,

- or lunar land.

4,84 There is a definite need for a thorough analysis of corrective
requirements for translunar flight before.the development of the launch ve-
hicle is begun. Such information as magnitude, frequency, time, place,
scheduling, and the basic correction philosophy should be established as
a function of error, reliability, and confidence level, ‘

34/ -
— H. A, Lieske, Rand Corp., op. cit,
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Lunar Orbit and Landing

'4.85 *  The velocity of the vehicle as it approaches the moon depends

on the velocity of escape from the earth; it will probably be slightly
greater than 9000 feet per second. As it approaches the desired lunar
entry corridor, it will retrograde into orbit at a velocity approaching

6000 feet per second. Depending on the magmtude of the retrograde
impulse, the trajectory will be elliptic (or circular), parabolic, or hy-

- perbolic. The elliptic orbits are required for survey or lunar land pur-

poses.

4.86 Perturbations in lunar orbit will be due to the earth's gravity
field, the sun's gravity field, the moon's potential distribution and
lunar librations. For short duration low lunar algyde orbiting, the ef-
fects of these perturbations are not significant. .

4.87 The functions of lunar landing guidance would be to: (1) ‘establish
and monitor vehicle position with respect to the landing site, (2) establish
and monitor vehicle velocity, (3) establish and monitor retro thrust to as-
sure proper change in velocity, (4) establish, monitor and maintain proper
orientation of space craft, (5) monitor rate of descent, and (6) establish
correct orbit plane. : ‘

4.88 The Lu?.?ar Landing technique desired for the Apollo vehicle has
been analyzed; the predicted time history for lunar landing of the
vehicle is presented in Figure 14. From the translunar trajectory travel-
ing at @ 9000 fps, the vehicle will retro into a 100 statute mile circular
orbit (period of orbit = 2.1 hours) with a & V of 3025 fps , survey the landmg
area while in orbit, then when the spacecraft is 180° from the landing site,
retro with a A V of 180 fps into elliptic orbit with 50,000 ft pericynthion.

It is anticipated that lunar landing from this altitude will take nominally

375 seconds, during which the velocity decreases from 6000 fps to zero

Morris V. Jenkins and Robert E. Munford, Preliminary Survey of Retro-
grade Velocities for Insertion into Low Altitude Lunar Orbits, NASA TN
D-1081, September 1961.

36/

NASA-Industry Apollo Tech . N, op. cit. ‘
37/

NASA, Langley Field, Virginia, Project Apollo Spacecraft Development
Statement of Work, Phase A, Request for Proposal No. 9-150, PrOJect
Apollo Spacecraft, 28 July 1961 ,~Scxallymwiian
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at a rate of approximately 1000 fps/minute. The maneuver ends at an
hover altitude of 100 feet with vertical velocity at zerq and horizontal

‘velocity at less than 25 ft/sec. From hover, the vehicle would touch

down at a very slow rate, in the orientation desired. The change in
velocity on impact should not exceed 1 ips. 38

4.89 As far as can be determined, no detailed analysis of guidance
requirements for this mission has been conducted. Only statements are
presented which indicate that the vehicle can be guided through the
mission outlined. One study indicated -"The guidance of a vehicle to
a soft landing on the moon has been examined. It is concluded that .
guidance in two stages, lateral guidance at a point some 5,000 miles
above the surface using optical and inertial instruments as error sensors,
and braking along the path near the surface of the moon using a radio alti-
meter as an error sensor, is feasible. Existing components and techniques
are adequate to perform these filftions; aside from weight reduction, no
39
new developments are needed.

4.90  However, based on engineering judgment, to keep corrections at

a minimum it seems that the horizon should be established to 0.50, velocity .
to 1%, velocity change to 1%, altitude to 1%, attitude change to 1%, and
orbit plane to 1. These estimates are essentially "ball park" values; they
do not reflect an analysis of the type that should be conducted.

Lunar Launch and Transearth Flight

4.91 The functions of the guidance system during this mission will

be the same as those outlined previously in the discussions of the Earth
Launch and Orbit Mission, and the Earth Orbital Launch and Translunar
Flight Mission. During lunar launch, ascent and orbit, the guidance system
will compute and monitor velocity, position, and time; the accelerometers
will monitor vehicle velocity and the inertial stable platform will monitor
orientation of the vehicle.

4.92 ~-During transearth flight, guidance will deal with injection prediction
and monitoring, abort guidance, trajectory determination, correction compu-
tation, navigation, and correction guidance. Injection into transearth flight

38/
39/

NASA, Langley Field, Va., Request for Proposal No. 9-150, op. cit.

C. R. Gates, Terminal Guidancé of a Lunar Probe, Jet Propulsion Laboratory,
External Publication No. 506, May 14, 1958, :
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can occur from a cislunar or a circumlunar flight, on direct launch from

the moon, or from lunar orbit; the latter technique is to be used in the
Apollo vehicla miceinn AT A the

............ [=Rer ATy VViaiC il

route to earth is to be determined,

- factors to be considered are:

Launch location

Launch azimuth

Flight path angles
Inspection altitudes

Earth and moon ephemerides
Flight time

. Return site .

Type of re-entry vehicle.

© N O~ W N

Again, the primary sources of information will be the inertial stable
platform, the accelerometers, and optical tracking systems, and possibly

- earth support systems. Since this is another long-time mission, correction

‘capabilities are very important considerations to be made in this mission.

4.93 On a direct flight from moon to earth, the lunar launch will have
to be coordinated carefully'with the earth ephemeris information; this may
have to be forwarded to the vehicle prior to its launch. Command link
problems will be considered in the Technical Area of Communications.
Lunar orbit launch presents the vehicle a greater launch window for the
transient flight than that of moon surface launch. At this time, it is not

known if a study of the surface launch versus orbit launch has been con-
ducted. '

4.94 Figure 15 shows the predicted time history for the lunar launch
of Apollo to a 100,000 foot parking orbit. The vehicle will be launched
vertically into the parking orbit at a velocity of 6,000 feet per second. At

the appropriate time, transearth flight will be accomplished by a velocity
increment of 3110 feet per second. ‘

\ 41/ o
4.95 A return trajectory error analysis, established the velocity and
" lunar launch angle extremes for successful transearth flights. There is a

total spread allowance of over 800 feet per second in lunar burnout velocity
over a wide band (-20" to 60~) of launch angles for return to earth by direct
or retrograde route. This same study indicated the sensitivity of the perigee
altitude to various initial parameters: path angle, launch position, azimuth
angle and injection velocity. The analysis results, shown in' Figures 16,17,
and 18 ., indicated that the more desirable launch position angles would

be in a range of 40% or greater, the range at which the effects of errors are
minimized. ' o

iLi/NASA, Langley Field, Va., equevst for Proposal No. 9-150, op. 'cit.‘

41/

NORAIR Div., Northrop Corp., op. cit. |
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4.96 © According to Table 14, for a launch angle of 609-, if a perigee error
of no more than 10 miles was desired, the launch position error could not ex-
ceed 0.1, or the azimuth angle error could not exceed 0.2, or the injection
velocity error could not exceed 0.25 fps. Since each of these errors is just
within or exceeds the current state- of—the-arts ., it is ev1dent that mldcourse
correct1on will be neces sary. '

TABLE 14
EFFECT OF LUNAR LAUNCH ERRORS ON PERIGEE

Types of Errors 6 Luna(z)‘ Launch Angleos o ' °
‘ 0 20 40 o 60
Path Angle . 980 mi/deg 500 mi/deg 130 mi/deg 0.
Launch Position Angle 840 mi/deg 480 mi/deg 220 mi/deg 100 mi/deg
Azimuth Angle 175 mi/deg 100 mi/deg 70v mi/deg 50 mi/deg
Injection Velocity 37 mi/fps 44 mi/fps 44 .mi/fps 38 mi/fps .
- 4.97 There seems to have been very little effort directed vtoward analyz-

ing the optimum time, place and magnitude of midcourse corrections. A

study by NASA investigated the effects of random errors in velocity and flight'
path arj on the guidance correction of a space vehicle approaching the

earth. This showed that (1) velocity needed for correction maneuvering

was less for most cases when a planned correction time or place was utilized,
as compared to relying on a deadband control. Better perigee control was
achieved when the deadband was omitted; (2) correction with deadband limit
was more sensitive to initial conditions, instrumentation inaccuracies, lo-
cation of final correction point, and degree of confidence required than a
correction without a deadband limit; (3) if a deadband was used, it is more
efficient to correct to the nearest boundary of the deadband than to the center
of the deadband if the shift in the perigee altitude can be tolerated; (4) a dead~
band based on 3 times the standard deviations of the errors in the space vehicle
velocity and flight path angle would not be satisfactory ‘because of the high cor-
rective thrust requirement and poor perigee-altitude control.

4.98 Additional similar analysis of transearth phase of the manned lunar
mission will have to be conducted in order to ascertain the midcourse correction .
scheduling and magnitude throughout the flight.

g/

Jack A. .White4 , A Study of the Effect bf‘E.rrors in Measurement of Velocity
and Flight-Path Angle on the Guidance of a Space Vehicle Approaching
the Earth, NASA TN D-957, October 1961, UNCLASSIFIED.
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4.99 On the transearth flight, Y locity increments need for correction
may exceed 7000 feet per second — dependmg on the guidance scheme uti-
lized and the correction format assumed. This is much q‘{ga}igr ﬁ% n the
nominal 250 feet per second suggested in other studies .— This dif-
ference reveals the neces sity of flrther study in this area for corroboratlon

of results and optimization of corrective maneuvers.

"Earth Re-entry and Land

4.100 Guidance of the space-craft in this mission will assure that the
vehicle utilizes the most appropriate landing corridor and techniques for
successful landing at a predetermined destination. Factors affecting the
mission technique and the guidance functions, are

4.1

a. re-entry vehicle design (aerodynamic propertles
such as W/CpA and L/D).

b. availability of propulsion for controlled re-entry, .
atmospherlc fllght retro, attitude control, etc.

C. respective positions of earth, spacecraft and the .
destmatlonb at re-entry.

d. atmospheric conditions and environments tolerable

€. accuracy with which re-entry corridor can be attained

f. retro technique

0 Prior to and during re-entry, fllght guidance parameters to be de-

-termined and monitored are:

a. attitude
b. rate of attitude change
c. velocity
d. rate of velocity change

€.  re-entry orbit plane (inclination to earth equator).

Hh
.

ground range to impact

&

Alan L. Friedlander and David Harry, III, An Exploratory Statlstlcal Analysis
of a Planet Approach Phase Guidance Scheme Using Angular Measurements
with Significant Error, NASA TN D-471, September, 1960.




S

g. latitude of re-entry beginning
h. horizon (for attitude control).
i. re-entry anglé.

These parameters should ultimately be determined within the vehicle system
with backup from ground support systems via the command link. Communi-
cation between ground and the vehicle could be interrupted in the altitude
range of 150 000 to 350,000 feet by the ion belts. -

4.102 The Apollo fhght plan calls for a perigee of 120 000 feet veloc1ty :

- at perigee of 36,320 ft/second, and a reference re-entry altitude of 400,000
.. feet. The spacecraft characteristics during re-entry are L/D of 0.5 and

W/CpA of 50. The vehicle will use parachutes for slowdown; the specified
vertical velbc1t ?alls for a maximum of 30 fps-at a 5, 000 feet altltude
See Figure 19

4.103 At the time of pubhshmg of this report, the guldance requirements.
for earth reentry and land had not been ascertained.

iy NASA, Langley Field, Virginia, Retiuest for Proposal No. 9-150, op.cit.
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INVESTIGATIONS

4.104 This assessment of guidance for the variais lunar missions has
made it evident that there are investigations, analyses, and improvements
in the state-of-the-art that will have to be attained to insure successful

lunar mission flights. Some of the investigations are pertinent to specific

missions; others are pertinent to all of the missions. These latter con-
siderations include generalized improvements in guidance techniques and
system performance, design, and manufacture.

4,105 NASA sponsored studies conducted by various contractors have
indicated requirements for a number of guidance investigations. A few of
these investigations have already been incorporated into the NASA Techno~
logy Support Program of the manned luynar mission. These are:

Investigations recommended by Lockheed Missile Systems
Division pertinent to earth orbital docking:

1. "Investigate need for star trackers since it represents
sizable step in complexity of system. The question
of its necessity is directly related to mission error
sensitivities and to the correction capabilities of the
midcourse guidance and propulsion systems of the pay-
load. It will be duplicating guidance system capabili-
ties. Improvement over a horizon sensor/gyrocompass
system would be equivalent to an error in velocity at .
lunar injection of 15-25 fps."

2., "Consider dual guidance operations in order to achieve
a high probability of completing mission. The inter-
connection and change-over problems must be considered."

An investigation recommended by North American, Space and
Information Systems Division pertinent to translunar flight:

‘1, "Analyze guidance accuracies associated with lunar
flight trajectories of various energies, azimuth angles
and injection angles with a breakdown of the critical-
ness of each error and a corrective maneuver. "

128




An investigation recommended by Vought Astronautics
pertinent to earth orbital launch:

1. "Conduct a study to evaluate the interaction of orbital
launch point tolerances (exit gate) of orbital launch
vehicles for each of the vehicle missions developed
for the spectrum of orbital launch facilities involved.

Investigations recommended by General Dynamics, Astro-
nautics: '

1. "A rendezvous error study is necessary to explicitly
define the mission, and establish guidance and con=
trol components and specifications. Three categories
of errors should be considered. These are the mission,
the error source, and error accumulation. Typical error
sources are: Launching into orbit tracking within orbit;
and maneuvering thrust errors. A co-variance matrix of
position and velocity should be used for each mission
segment, " '

2. "Establish the trade-offs between vehicle and ground
based tracking must be made. The effect of orbit alti-
tude on the number and location of sights to establish
ephemeris must be determined. Command and control
concepts and procedures for each segment of the mis-
sion must be established.

3. "For orbital docking, fluid motion in vehicles must be
simulated. NPSH requirements in the zero “"g" field
must be established. Translational acceleration history
and stochastic description of torque control history must
be determined. Sensor accuracy and misalignment toler-

- ance must be established. Bumping loads must be ana-
lyzed by defining probable points of contact and relative
velocities.” :

. 4. "The manned lunar landing and return by an orbital launch
boost system is an extremely complex four dimensional
mission., Various segments of the problem have been ex-
tensively analyzed in two or three dimensions. Very little
has been done to simulate the entire mission in four di-
mensions, where the fourth dimension is time., Time is
all important in determining optimum mission procedures.

129
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Since an infinite number of chronological mission se-
quences could occur to-launch and guidance dispersions
and system reliabilities, a statistical simulation of
random failures and dispersions should be made. Such
a simulation would include the spectrum of possibilities
that must be analyzed in determining the operational
procedures and requirements. "

"Operational testing and evaluation of the booster system
and its-associated rendezvous technique could conceivably
represent forty percent of the total program cost. This -
economic consideration necessitates a detailed analysis

-of the effect of mission and operational requirements on the

test and evaluation program. ‘Unnecessary operational re-
quirements can result in considerable time and cost exten-
sion of the test program. Such requirements should be de-
termined and modified at the earliest possible date. ™

Investigations recommended by NASA:

1. Study of tracking facilities and accuracies associated

7.

with orbital launch vehicle to determine how accurate
tracking must be to be consistent with docking alignment.

Development of a closed loop air supply system for re~
cycling air in platform system—emphasize efficiency‘.

Investigate servo- system of accelerometer transducer, :
torques and position sensors.

Microminaturization of electronics with possibility of
active: filtering network S.

Investigate spin motor bearings for long life’ under
varying environmental conditions.

Investigate accelerometer design error budget With
objective of reducing threshold "g" and increasing dy-
namic range,

Minimize vibration and temperature transmission ability
of gimballing materials and bearings.

~ Some of these investigations are not as broad in scope as they

need to be, others are definite prerequisits to successful manned lunar
missions. -
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4,107 Table 15 outiineé the studies, analyses, and research and _ _ |

~development investigations recommended by ORI to be essential contri-

butions to the successful guidance of manned lunar vehicles.  This

table also indicates mission applicability; thus, if a mission is omitted _
from NASA plans, the effected tasks could be disregarded. These investi-
gations are considered further in the technical area plans.-
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GUIDANCE PROJECT G-1
HORIZON SENSOR IMPROVEMENT

Task Statement. To develop techniques to improve horizon sensor
performance such that the horizon (or vertical) can be established
to an accuracy of + 0.1 degree or better on the dark -side of a planet
and moon.

Justification. Lunar and earth orbiting vehicles will require accurate
attitude and alignment control in orbital launch, rendezvous, and
docking missions. Current techniques do not maint ain the desired
accuracy on the dark side of the earth.

o)
Present Status. Latest horizon scanners are accurgte to+ 0.25

although some are reported to be accurate to + 0.1 on the light
side of earth.

Criticality. If possible this improvement should be made prior to
the development of the guidance system to ensure compatibility.

Applicability. Important to earth and lunar orbital rendezvous, orbital
docking and orbital launch missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-2
MICROMINIATURIZATION OF SYSTEMS

Task Statement. Microminiaturize or miniaturize as many subsystems
of the launch vehicle guidance system as possible without affecting
performance.

Justification. A decrease in size and weight of a launch vehicle
system will result in substantial conservation of fuel for the lunar
mission. Or, for a given allowable weight, consideration could be
given to dual systems.

Present Status. Substantial progress is being made along these lincs
in electronic and inertial system design and development.

Criticality. Such a program is not essential to the successful accom~
plishment of the lunar mission and should not be undertaken unless
there is substantial opportunity for success.

Applicability. All missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-3
DUAL SYSTEM ANALYSIS

Task Statement. Analyze the effect of dual systems, subsystems,
and components in guidance system performances.

Justification. Guidance system reliability is not as great as it
should be. It is usually considered to be the least reliable of the
launch vehicle systems. Substantial effort has been placed on
improvement of performance; however, improved reliability through
dual system design may more than substantiate the resulting added
payload. A complete system analysis would be required; tradeoff
considerations would play a significant part in the analysis.

Present Status. As far as can be determined, none.

Criticality, If this project is to be undertaken, it should be con-
sidered early enough such that the results could be inserted into
the lunar mission vehicle designs. This project could assure safe
return of the manned lunar vehicle.

Applicability. All missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-4
CRYOGENIC SYSTEMS DEVELOPMENT

Task Statement. To develop cryogenic inertial systems to improve
performance of launch vehicle guidance systems.

Justification. Research and preliminary developmental tests have
indicated that there is promise of attaining the needed improvement
in inertial system performance by the utilization of cryogenic tech-
niques. Substantial effort is being placed on the development of
such systems; it should continue.

Present Status, The research and development of cryogenic gyros,
and accelerometers is being sponsored by NASA.

Criticality. It is doubtful that systems developed will be placed
in the early lunar flight tests. A history of reliable performance
will have to be attained first.

Applicability. If successful development will be applicable to
second generation lunar and first generation interplanetary missions.

Reference. Analysis of Guidance,
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GUIDANCE PROJECT G-5
DOCKING OPTICAL ALIGNMENT TECHNIQUES

Task Statement, To develop optical techniques for accurate alignment
during orbital rendezvous and docking.

Justification, Alignment between vehicles of + 0. lO or better should
be attained for spatial docking. Current attitude sensors have ac-
curacies approaching + 0.1 — thus vehicle to vehicle misalignment
of 0.2° could result. An optical or visual alignment technique in-
volving direct vehicle to vehicle alignment measurement could im-
prove this accuracy substantially.

Present Status. Some effort has been placed on this development and
the resultshave been good. Very little additional effort is regquired
to complete the R and D.

Criticality. The state~of-the-art alignment techniques for spatial
docking are adequate; however, for very little effort substantial im-
provement could be made.

Applicability. Spatial docking.

Reference. Analysis of Guidance.

139



Mﬁ : - "

GUIDANCE PROJECT G-6
MIDCOURSE CORRECTION ANALYSIS

Task Statement. Analyze midcourse corrections for the various mis-
sions to establish the optimum and pessimistic correction magnitude
time, frequency, place and philosophy for all possible flight profiles.

Justification. For every mission flight profile requiring correction,
there is an optimum flight correction schedule. The criteria for op-
timum correction is that a minimum amount of propellant is used to

successfully accomplish a mission., This optimum schedule of cor-
rection should be established and programmed into the flight profile
of every mission in order to conserve vehicle fuel.

Present Status., Most studies heretofore have only established

a need for midcourse correction., Some have analyzed specific cor-
rection philosophies, some have indicate probable magnitude of cor-
rection to be applied at arbitrary positions in space for specific mis-
sions., No attempt at continuity of study is evident.

Criticality. This study is an important prerequisite to launch vehicle
design, especially for lunar missions in which conservation of fuel
is so important.

Applicability. All missions involving corrective boost.

Reference. Analysis of Guidance
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GUIDANCE PROJECT G-7
SPATIAL LOCATION TECHNIQUES

Task Statement. Develop new techniques or extend the state-of-the-
art of current methods to establish spatial location accurately.

Justification. Current techniques for establishing position in space
are not as accurate as required for most spatial maneuvers, especially
those involving orbital transfer, rendezvous, docking, and lunar
flights. Conservation of fuel is the primary reason for having accurate
spatial location; proper correction maneuvers will result.

Present Status. Current techniques involving star and planet tracking
are adequate for undertaking the manned lunar missions anticipated in
the near future; spatial location estimates indicate current aaccuracies
of + 50 miles., Radar techniques, because of power requirements, black-
outs, inherent topographical inaccuracies are not adequate.

Criticality. Current techniques are adequate to perform the first gen-
eration missions outlined.

Applicability. Spatical travel—translunar and transearth flights.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-8
FOUR DIMENSIONAL FLIGHT PROFILES

Task Statement. Conduct studies to establish four dimensional flight
profiles for all missions. Time is the fourth dimension.

Justification. Most early moon-earth flight profile studies were two
dimensional (planar); current studies are for the most part three dimen-
sional. These latter studies have shown that the probable flight trajec-
tories are not planar, have analyzed required accuracies to be able to
undertake various lunar missions, and have established limiting flight
parameters. Time of launch, time of flight, and coordination of time
with other phenomena are other flight parameters affecting all missions
whether in the earth to earth orbit scheme, earth to moon scheme, or

moon to moon orbit scheme. These time parameters have not yet been
ascertained.

Present Status. Little four dimensional flight profile effort has been
undertaken,

Criticality. These profiles should be established as soon as possible.
They will help establish launch vehicle computer design requirements
and launch vehicle flight correction capabilities which affects propul-
sion system design.

Applicability., All missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-9
VISUAL DOCKING GUIDANCE TECHNIQUES

Task Statement. Develope television or other techniques for visual
guidance during spatial docking.

Justification. Usual guidance techniques are not accurate over short
ranges. Television will aid the crew of a manned craft in establishing
short distances between mating vehicles accurately.

Present Status. Visual techniques of this type have been developed for
numerous applications—should not present any problem.

Criticality. This development will only improve docking techniques:
spatial docking will be able to take place without visual aid.

Applicability. Spatial docking; and spatial fuel, man and equipment
transfer missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-10
COMMAND LINK GUIDANCE FOR DOCKING

Task Statement. Improve command link techniques for unmanned orbital
docking guidance.

Justification. Early orbital docking flights will be unmanned—vehicle
guidance will be handled by command link. For successful missions,
the communication link performance will have to be improved. Greater

accuracy, reliability, command rate, and variety of commands (expanded
command language) will be required.

Present Status.

Criticality. This improvement will have to be made before docking
mission flights are undertaken.

Applicability. Orbital docking missions.

Reference. Analysis of Guidance.

144



1-

i,

GUIDANCE PROJECT G-11
ALTIMETER IMPROVEMENT

Task Statement. To develope altimeter techniques or improve current
performance such that altitude above the earth or moon can be established
to 0.1% accuracy up to a range of 125,000 nautical miles.

Justification. Accurate range and range rate information will enhance suc-
cessful missions in which position determination—altitude above the moon
or earth is important.

Present Status. Doppler C.W. techniques under development supposedly
have a 1% accuracy to 2000 nautical miles. Ionospheric backout occurs
intermittently.

Criticality. Present capabilities are adequate for the mission indicated
for Apollo and first generation vehicles. More sophisticated missions
will require improvement.

Applicability. Earth reentry, orbital rendezvous, orbital docking, and
lunar landing.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-12
MANNED VERSUS UNMANNED GUIDANCE

Task Statement. Compare the performances of manned and unmanned
guidance for all lunar missions.

Justification, The added weight, cost, and probable lower reliability
associated with automatic guidance techniques may not warrant its
use on some or all of the manned lunar missions. (It may be better to
utilize the weight for greater propellant loads). Automatic techniques
will have to be developed for the unmanned flights —so development
costs will still be evident. Perhaps automatic techniques should be

used as a backup capability—or the manned system used as the back-
up system.

Pxfesent Status. Some comparative studies of manned versus unmanned
guidance for docking have indicated a significantly greater reliability
associated with manned guidance.

Criticality. This is an extremely important guidance philosophy problem
that should be resolved as early as possible in the manned lunar program.
Unmanned Apollo missions will probably be instrumental in the decision.

Applicability. All manned missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-13
GUIDANCE AND CONTROL OF ORBITAL MATED ASSEMBLIES

Task Statement. Analyze the guidance and control system requirements
of a mated assembly following docking.

Justification. The mating or docking of two or more vehicles, each having
its own guidance system, into a single vehicle will necessitate an analysis
as to the guidance and control system to be used, the requirements of each
system before and after docking. Compatibility will have to be established.

Present Status. None.

Criticality. This should be done prior to the design of the docking
vehicles., It could assure successful accomplishment of the docking
mission.

Applicability. Docking missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-14
GROUND SUPPORT GUIDANCE FUNCTIONS

Task Statement. Analyze the ground support functions and requirements
in each of the lunar missions.

Justification. Although ground support will supposedly be backup to
the vehicle systems capability in the various lunar missions, the
functions and requirements of ground support in these missions should
be established in order that the ground support capabilities will be
compatible with requirements.

Present Status. Opinions regarding the responsibility of ground sup-
port in the manned lunar missions vary from backup to vehicle systems—
to important communication and command link functions.

Criticality. Decisions regarding ground support functions and require
ments should be made as soon as possible to ensure that desired ca-
pabilities will be attained.

Applicability. All missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-15
RENDEZVOUS ERROR ANALYSIS

Task Statement. Conduct an error analysis associated with the
rendezvous of vehicles in space.

Justification., The capabilities of each vehicle system involved in
spatial rendezvous should be analyzed and the probability of having
a successful mission should be established. Such an analysis will
indicate systems requiring improvement in order to assure successful
rendezvous.

Present Status. An error analysis of docking has been conducted—.
but this same technique should be carried out for rendezvous—
without which docking cannot occur.

Criticality. Could assure a successful rendezvous mission.

Applicability. Orbital rendezvous mission.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-16
SHORT RANGE~RANGE AND RANGE RATE DETERMINATION

Task Statement. Develop techniques and devices for the accurate
measurement of range and range rate over short ranges (0-25 feet).

Justification. Current range and range rate techniques for short
ranges are not as accurate as required for spatial docking, and
earth and lunar landing. In landing, engine cutoff a number of

-inches off the earth or lunar surface could cause substantial

damage to the vehicle in the subsequent fall. Special docking
operations may require monitoring the distance between vehicles
accurately over the last few feet of separations prior to mating.

Present Status. Current techniques do not cover the range 0 to
4 feet. Visual and photocell techniques show promise but have
not yet proven to be acceptable. If moon is covered with dust,

blurred vision, caused by the dust may make these techniques
unusable.

Criticality. This development may not be required for spatial
docking. Such a device should definitely be developed prior
to the lunar landing mission.

Applicability. Soft lunar landing, and spatial docking missions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-17
ABORT GUIDANCE

Task Statement. Establish guidance limits for which abort will occur.
Analyze the guidance of the vehicle following mission abort.

Justification. Safe return of the vehicle crew is mandatory. Abort

of a mission can occur for numerous reasons and there will have to
be limiting conditions under which abort is mandatory, conditions
under which it is probable, possible, etc. An analysis of abort
during all missions will establish the abort sequence and define abort
system requirements.

Present Status. Very little effort has been accomplished in the analysis
of abort for lunar missions. ’

Criticality. This is a definite prerequisite to the design of abort sys-
tems for the lunar missions.

Applicability. All lunar migsions.

Reference. Analysis of Guidance.
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GUIDANCE PROJECT G-18
GUIDANCE RELIABILITY ANALYSIS

Task Statement. Establish the anticipated and required guidance

system reliability for the various lunar missions.

Justification. Guidance systems are considered the least reliable
system of the launch vehicle systems. To attain a high level of
mission success, the anticipated system reliability should be com-
patible with required reliability. This analysis will pinpoint system
components and subsystems that should be improved to attain the
desired level of performance. Dual system and inter~system trade-
offs would be established.

Present Status. Limited effort has been undertaken in this area.

Criticality. This study should be conducted early in the program
(prior to design of the guidance system) and should continue through
the lunar program so that latest pertinent information would be in-
cluded in the analysis.

Applicability. All missions.

Reference. Analysis of Guidance.
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V. CONTROL

- INTRODUCTION

5.1 The technical area of control is the amalgamate of all the control
systems; the systems which translate and impart the necessary electrical
or mechanical energy to the propulsion components or control surfaces to

provide the desired flight path, alignment, or velocity in space. The
major systems involved in the control functions are: ' ‘ :

a. Hydraulic gimbal system
b. Reaction attitude control system

c. Vernier velocity control system.

5.2 The command input to the control systems will originate from the
analog control computer which contains the servo-electronics for positioning
the control elements (engine-throw angles, attitude-control jets, etc.) in
pitch, yaw, and roll in accorcance with the guidance system commapds

and the error signals re solved from the platform gimbal angles. The control
computer also contains the electrical shaping networks required for rigid
and flexural stability constraints. -

5.3 + Guidance commands to the control computer will probably be in
analog form and previously sequenced by the guidance system. The flight
control computer will perform: N

a. Monitoring of thrust vector direction and magnitude. S

' b. Translation of any guidance command into gimbal position
or valve flow.
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.+ ¢, Comparison of the guidance requirement with —
- the position of the component at any instant.

d. Amplification of any difference involved be-
tween requirement and cur;ent status,

e. Superimposition of any constraints or damp-
ing characteristics upon any amplified dif-
ference. SR —_—

Hh
.

Choose the proper component or combination-of -
components to give the desired attitude result
upon command. '

¢

g. Command the pertirent components involved to
" ' act upen the vehicle azcording to the magnitude.

The requirements and capabilitics in‘the flight control computer will be
discussed at length within the téchnical area of data processing,

5.4 Control system outputs are essentially the application of thrust
vector control techniques; the recipients of this action will be’ components
such as the main engine gimbal hydraulics, vernier engine control valves,

.or the attitude ad'justment jet solenoids. The actuation of these control

components invariably results ina change in attitude, velocity, or trajec-
tory of the vehicle,

5.5  In terms of the manned lunar mission, the boundaries of control
modes and techniques are well established. The control system must be
available to implement the commands of the guidance system through the
basic control pattems. These commands will involve:

a, Flight disturbance control.

| b. Mission flight plan control.

The control systems must be able to handle the summation of the require-

ments in these two sequences since they do not encompass exclusive ‘
time frames. The difference between these two sequences is discussed
in subsequent paragraphs.

5.6 Flight disturbances will be present to some degree in all mission

sequences. To simplify the analysis of requirements, the disturbance
variables will be analyzed as a single sequence and the resultant require-

.ments will be superimposed upon the flight sequence (steering) data in the

final prediction of the control system technical area plan.
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5.7 If a vehicle could fly an undisturbed flight path the major com-

" ponents of the control .system would be relatively idle; the flight path con-
- trol uses only a relatively smal! percentage of the design capacities of

the control components. 'A larg. reserve capacity is designed into control

'_ to cope with the flight variables that are either unpredictable or unreliably ,

SO.

5.'8 . It is true that disturbance control, -while it could be Called a sec-
ondary function to steering, dictates most of the control system magnitudes
of capability, such as réaction time and gimbal angle throw requirements.,

It also seems that high accuracy would not be a major requirement since
the nature of flight disturbance control would be one of semi-emergency
nature; the urgent job is to smooth the disturbance immediately and take
time to -make adjustments later,

| 5.9 On the other hand, micsmn flight plan cortrol is concemed with
-accuracy and the ability to attain reliable control of a vector angle or

magnitude within severe limits, The length of the flight path involved
and the restrictions on fuel available for midcourse and terminal correc-
tions will provide stringent inputs io the accuracy requirements of the
control systems. “ )

5.10 The missions referred to in mission flight plan control are the '

separate sequences listed below that represent step functions or second-

ary: missions in attaining the primary mission of the manned lunar
expedition.
Manned Lunar Missions
a. 1Earth launch and orbit.
~ b. 'Orbital rendezvous.
c. Orbital docking.

d.- Orbital assembly, maintenance,
and checkout.

e. Earth orbital launch and translunar flight.
f. Lunar orbit and landing. | - | |
g. Lunar launch land transearth flight, o S
h. ‘Earth re-entry and land.

Judicious choices between the content combination, and seq,uence of the )
above missions will provide all the pos sible flight tests, probes and ’
manned lunar attempts within the manned lunar program, '
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5,11 - ’I‘he mission referred to above as orbital assembly, maintenance, '

' .' and checkout (d) will not be incl ded in the analysis of control problems

as it is not considered apphcam within the technical area of control .
systems, - S '

5.12 The same control techni jues and control problerns are 'utiiized
in several of these missions., Fcr example, the attitude and velocity

‘control problems are similar in any midcourse correction control sequenc'e“
" whether the trajectory is outbound, inbound or orbital transfer. The mag-

nitude time, and accuracy requirements may be somewhat different, hut
the general problems and techniques remain the same, 1ndependent of the
chosen missions. For this reason, the control requirements will be dis-

cussed in terms of sequences or problem groupings instead of the mis-
~sions. These consolidated missions or areas of similar control problems

are listed below,

| .a, Earth launch and orbit.
b. ‘Rendezvous.
c. Docking. : |
d. Orbital orientation and launching.l
e. Midcourse correction.
f. Lunar maneuvers,
g. Earth re-entry and landing. ' | B

Table 16 shows the relation between the c_ontrol problern areas' (which are
the basis for discussion in this section) to the Manned Lunar Missions :

(which are the common denominators of the report as a whole),

5,13 . The three major control systems have fairly specific areas of

application within the control prcblem areas, but they should not be
restricted in this sense. Later discussions will indicate the probable
use of the control systems involved in the various mission control, functions.

5.14 ‘In order to establish the system requirements within the technical
area of control, there must first be a listing and examination of the se-
quences or events'in which control of the vehicle is critical to the
success of the mission. Listed in paragraph 5.15 are the events in Which
control is a critical function. Each area will be investigated and dis-
cussed in terms of expected level of disturbance and control requirements
for all control sy‘Stems. This analysis will generate the technical-area
plan.

-
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- TABLE 16. CONTROL AREA/MISSION RELATIONSHIPS

. CONTROL PROBLEM

. AREA
‘Midcourse Correction includes: 1.
* 2 .
3.
Lunar Maneuver. includes: 1.
_ -
Earth Launch and Orbit include: 1.
Rendezvous includes: 1.
Orbital Orientation and ‘ 1.
Launching include: ' 2,
3.
. Docking includes: - 1.

Earth Re-entry and Landing include: 1.
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MISSION

Ofbltal Rendezvous .

Earth Orbital Launch and .. -

Translunar Flight

Lunar Launch and Transearth .

Flight

Lunar Orbit and Lahdings
Lunar Launch and Transearth
Flight '

Earth Launch and Orbit

Earth OrbitalRendezvous
Earth Orbital Rendezvous
Earth Orbital Launch and
Translunar Flight o
Luncr Launch and Transearth
Flight '

-Orbital Docking/

Earth Re-entry and Landing | '
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"5.15 | The fpllowing discussicns of control problems will be-in two

parts:

Part I. Mission Flight Path Co:itrol
A, Earth Surface Launca and Orbit
B. Rgndezvous |
| 1. Outbour;d
2. Inbound
C. Docking
'D. Orbital Alignment and Launch
1. 'With Platform
2. Without Platform -
E. Course Corrections
1 Midcourse
2, _‘I‘ermi.nal
F. Lunlar Maneuvers
1. ,,F:lybY |
2, Orbit
3. Landing
a. From Orbit
© . b. Direct
4, Lunar Launch
a. To Orbit )
_ - "b., Direct Escape
G. Earth Re-entry ©
1. Direct
2. Orbital
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g‘\l . PartIl 'Flight Dis;curbance Control, .
o L A. Engine Out |

l B. Control Actuator Malfunction -

- C. Winds | |

l D Stéging

"'7 E. Bending | _ ‘

I “F. Sloshing o | o -  “

I - .‘\- A third part will consist‘of a syétem development outlook or adhiévemenf
o discussion in relation to.the major control systems in the launch v,evhicl_e:
l Part III. System Dev‘elobmental Outlooks.
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"PART I. MISSION FLIGHT PIAN CONTROL

5.16 When the various disturbances are removed from a - vehicle flight
program, the control systems are left with the responsibility of implement~

—ing the desired characteristics of the vehicle in attitude and velocity.

‘ 5.17 The analysis of the requirements of these control systems will be

made by examining the various control problem areas to find the predicted -

~ flight parameters and conditions that the control systems must adhere to.

'5.18  The three major control systems will all be used at one time or

another during the lunar mission. A short description of the systems will

+assist in reviewing the control analyses.

' Mainstage Hydraulic System

5.19 The thrust vector control for the main engines cluster; used almost

. exclusively in the first two stages of the earth booster and for the orbital

launching stage. The vernier ergines are similarly hydraulically controlled .
but will be included as another system since the vernier engines are used .
in many more sequences than the mainstage engines and their associated
hydraulic controls. This is primarily due to limited restanability of the
mainstage engines. .

+

Reaction Jet Systems

5,20 The small, pulse requlated, hybergolic bipropellant chambers .

used for attitude control or extremely small linear adjustments in free fall
space. There will be choices between high and low thrust attitude jet
systems for coarse and fine altitude adjustments. Initial alignment of the ‘
mainstage and vernier engine thrust vector just before ignition will be by
the reaction jet systems. The reaction jets will probably not be used
extensively during thrust periods when gimbal control is available.

Vernier Velocity Control Engines

" .5.21 . The vernier velocity engines are gimbaled medium level thrust
'. engines using hypergolic bipropellants. They will be used for tasks such

as velocity midcourse correctioris, lunar orbital injection, and providing

- thrust vector control along with part of the lunar launching impulse.. The

engines probably will be hydraulically controlled'but possibility exists for
pneumatic or mechanical control. The mainstage engines will probably be .
unable to provide restartabihty so the need for the vemier control engines
is evident. :

5. 22 Table 17 shows the probability for use of 'the various control
systems. throughout the lunar flight. This information is partly logical and
partly derived from various vehicle configurations and designs avaiiable as
bids or statements of task concerning the Apdllo program. o
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Table 17. Probability of Use .

CONTROL PROBLEM

AREA - CONTROL SYSTEM
- | Mainstage e - L
'  Hydraulic Reaction ~ Gimbaled
I Gimbal Jet Vernier
Earth Launch and Orbit " g  Low - Possible
Réndezvpus | o Possible - | HI ' Hi
Docking - ' . ‘ Lo . Hi‘ Lo
vOrbital-Launch—'Alignment Lo ‘ Hi o " Lo
Midcours‘e Correctiqn Possible CHi | Hi
Lunar Maneuver ' Possible . Hi ‘ Hi
Earth Re-entry and Land . Lo . H Lo

NOTE: The "possible" probabilities indicate that the system is capable of
' ~ use in that function and/or provide back-up or some rought thrust
vector control with another system providing the more accurate
adjustments.

Earth Surface Launch and Orbit

5.23 During earth launch the flight plan is relatively lsimple; there is
approximately a 10 second vertical rise before the vehicle is programméd
into a small angle of attack. Roll control is usually established in this
period to orient the vehicle geographically before inducing the small angle
of attack. Staging occurs at approximately 200-250,000 ft; the vehicle
second stage burns into the 100 nautical mile orbit with possible angles
of attack up to 17° in the. orbit injection cutoff. 2/ ,

‘5.24 Engine gimballing is the control method in the flight plans in the
lower and upper atmosphere. The roll control can be carried out by the
gimbaled main stage engines or by tangentially mounted reaction roll rock-
ets on the booster. Addition of roll rockets on the S-I stage would result
in added lift off weight and would be an unnecessary solution since roll
control gimbaling capacity is available anyway. The roll control system
on the S-II stage could be used if a control jet system is readily available
on the exterior of the stage. The vehicle and the space craft payload w111
orbit until initiation of Hohmann transfer into 300 mile orbit.
y/ “ Part I. \”“‘A Industry Apollc Technical Conference, July, 1961,

CONFIDENTIAL.
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5.25 The additional velocity reduired for orbitél transfer will be pro-

vided by vernier engines, capatle of providing the approximate 700 fps
needed, or possibly by restart o/ the main propulsion engine using fuel
left over from the orbit injection flight. In either case, if the engine is
liquid fueled, the problem of ullage control under zero gravity will be pre-
sent. Since the fuel tanks are not full, the fuel and vapor do not hesitate
to mix and float about the tank while in weightless condition.

5.26 ‘Successful ignition can be pr_.evented by vapor pockets in the turbo- =
pump and injection ports. I_nitiét;on of thrust at approximately .1 to .05 g—3/ '

3/ Lockheed Georgia Co., Report ER 5388, October, 1961, CONFIDENTIAL.
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is sufficient to orient the fluids properly for successful engine ignition.
Time required to settle the liquids is variable and depends roughly on the
g forces involved and degree of interspersion of vapor and liquid. This_ low
thrust tends to perturbate the initial orbital launch conditions and must be

- considered in the launch sequence. Ullage availability of 0.1 g would

result in the perturbations prior to main ignition shown in Table 18, Tt

~ could be supplied by rearward attitude type nozzles if they were capable

of the thrust level, or by solid propellant packages triggered in the ignition
sequence.

5,27 Longitudinal ullage control provides the simplest plumbing require~
ments in the fuel feeding lines, the propellant being drained straight out

the end of the tank opposite the reaction. But long term longitudinal thrust
tends to disturb the initial launch orbit.

TABLE 18

Ten Second Longitulinal Ullage Control Thrust
Perturbation P-ior to Orbital Launch

s

; Resultant . » Resultant
Acceleration Rate » 4 Velocity : Distance
o.lg . 32.2 ft/sec | 161 ft

5.28 - Induced spin will orient the propellants without orbital disturbance,
but the fluid would have to be drawn from the side of the tank complicating
the plumbing problem by at least one 90° bend in the fuel feed lines. The

- rate. of spin would be low but would effectively neutralize the attitude con= ™~

trol jets mounted on the periphery unless rotational switch gear was incor~
porated into the flight control computer. There are some other ways to sepr .

- arate the fluids from vapor but these are basically mechanical diaphrams

which are difficult to maintain or replace in the sealed tanks. Expulsion
bags or diaphrams incur reliability and weight penalties but are a pqssible )
solution for non-thrusting ullage control. Solid rocket systems are certainly

feasible and have been developed to the output levels necessary for ullage

control.

Orbital Rendezvous -

5.29 - Since the second stage w1ll have approximately half of the space"
craft-orbltal launch vehicle assembly as a payload the Hohmann transfer

©will have to terminate under conditions that allow compatible rendezvous.

168
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The attitude control system should align the stage before ignition so that
the main applied thrust vector will operate tangentially to the 100 nautical
mile orbit path after ignition. Allowable error in this alignment should be
capable of not requiring a midtransfer correction of more than 200 ft/sec. 4
There is nothing gained in having the orbiting stage continually tangentially
oriented in orbit before transfer. Plenty of time is available to orient just
before ignition at a substantial saving in fuel,

5.30 Attitude control can be implemented continuously at the onset of
vehicle to vehicle tracking for orbital transfer while still in the 100 nautical
mile parking orbit, or it can be implemented only before the events requiring
attitude orientation and alignment (such as periods of thrust).

5.31 Minimum attitude control would enact 6 corrections (3 thrust periods
during transfer and 3 thrust periods prior to docking maneuver). The usual
correction for each event would be around 90°, If the vehicle were continu~-
ously controlled at onset of tracking to within 1° of tangential attitude, about
4 corrections per minute would be required for the 60—70 minute transfer. Pow-
er and fuel savings are quite evident in the comparison. Table 19documents
some of the system variables for the two control sequences. This preliminary
study is not a basis for judgment, but an attempt to show the nature of the

guideline studies which are important inputs to the engineering-hardware
solutions. :

TABLE 19

Attitude Control Requirements for Transfer
and Rendezvous Prior to Docking

Maximum Cor- Maximum Acceleration

Control rection Required Corrections Time Between Capacity
Mode (s) degrees Required Corrections Required
Continuous o Relatively

Control 1 ~270 15 sec High
Minimum Relatively

Control ~90° 6 20 min Low
(Incremen-~

tal)
4/

General Dynamics/Astronautics, Report No. AE 61-0967, October, 1961,

CREENDSNNFid e
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TABLE 20

Major Attitude Control Function During

rbit Transfer

Pulse No. Reason for Correction Predicied Correction
1. Initial transfer thrust ?
2. Mid transfer correction thrust 90°
3. Terminal circularizing thrust 90°
‘;’ } Rendezvous correction thrust 300
6. Initiation of docking control thrust 30°
Total 2700 + ?
Start Transfer 300 mile
1 > orbit
Start
\ docking

Circular
Orbit Injection

SOt

Earth

100 mile
orbit

171
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Docking

5.36 In order to impact with a minimum of momentum between the two
vehicles, the attitude control system will have to operate with minimum
thrust to accomplish the motion required within the last few feet of travel.
This requirement calls for a variable thrust control system with a minimum

of 2 relative levels of thrust.

5.37 At the present time, the Mercury orbital vehicle uses two separate
systems, one high-one low. This is one of the most direct solutions and
provides a back-up system.

5.38 As attitude jet system reliability improves, the combination re-
dundant-low thrust system could possibly be replaced with a single vari-
able thrust system.

5.39 Wide range variable thrust is not particularly necessary and would
probably complicate the attitude jet system unnecessarily. Analysis of the
vehicle moments about the 3 major axes combined with control rate require-
ments should evolve several optimum incremental stages of attitude control
thrust to be used in various sequences of the flight-rendezvous docking
mission.

5.40 If the sensors and the guidance closed loop systems operate at the
design levels, the control system will be capable of providing the required
reactions without significant changes from current operating techniques.

5.41 Since control reaction would probably be almost continuous at dock-
ing, system effects including heat transfer from long periods of use and power
requirements when all nozzles are in operation should be studied for inclusion
in developmental designs.

5.42 Inbound rendezvous and docking is a distinct possibility in time,
but seems unlikely in first generation lunar return and re -entry missions.

The problems involved will be quite similar but success of the inbound ma-
neuver will be limited by the fuel requirements and tracking requirements
necessary for injection into the proper parking orbit plane and altitude for in-
bound rendezvous with the orbiting platform.

5.43 The altitude difference is critical. As the difference in altitude de-
Creases, the required orbital "parking time" increases for correction of phase
differences between target and chaser; as the differential altitude increases,
the Van Allen radiation hazard becomes more intense and unfavorable for human
survival above 300 nm orbit altitude. There would be no significant radiation
in an inbound parking orbit below 300 miles. The minimum altitude possible
for a parking orbit is about 90 miles.

172

oD T



Orbital Launch Alignment

5.44 The space vehicle will be launched on translunar flight much the
same as for transfer from parking orbit to rendezvous orbit. The orbital
launch vehicle may be assembled from at least two payloads mated in the
rendezvous orbit (Saturn) or may be in a direct flight vehicle (NOVA). The
accuracy of the orbital assembly and checkout techniques are instrumental
in establishing the control requirements for the periods of thrust as the ve-
hicle is injected into translunar flight, Normal error can provide disturbing
torques and introduce flight path perturbations that require control adjust-
ments, which themselves can introduce more disturbance if the misalign-
ments are severe enough,

5.45 The alignment sequences just prior to orbital launch will be iden-
tical with those in the parking orbit. Low g ullage control will be needed
if the fuel tanks are not diaphramed to orient the fuel under zero gravity.
Similar orbital launch can occur from lunar orbit towards Earth, The con-
trol problems are similar to those already discussed.

5.46 There is evidence that the Earth orbital launch of second gener-
ation vehicles toward the moon might be made with the assistance of a
manned or unmanned launch platform. This could assist appreciably in
initial reference alignment but would not provide any assistance to ullage
control or attitude control after launch, It is doubtful that a platform would
attenuate any control requirements for orbital launching.

Midcourse and Terminal Corrections

5.47 Course correction has been discussed in the rendezvous function
where the correction takes place during the orbital transfer phase. The ele-
ments of the discussion are much the same for the transfer trajectory be-
tween the earth and the moon. The translunar path involves higher velocity,
longer trip time, and greater distance. As would be expected, the control
requirements increase, but not overwhelmingly. Where there was time for
one midcourse correction in the orbital transfer, there is now time for three
or four or more if adequate fuel is available. The performance of the orbital
launch is of prime importance in determining the control requirements on the
translunar and transearth flights. This particular problem area requires ex-
tensive systems analysis work, not just trajectory studies and error source
discussions, but attempts to establish meaningful and logical models with

" which to ascertain the tradeoff effects of guidance, control, propulsion,

and tracking subsystems.
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5.48 In the translunar and transearth trajectories it might be proven
that a particular level of component error is not objectionable if the weight
saved by allowing the error to remain would permit the addition of enough
midcourse correction ability to correct the results of the original error and
have ability left to correct the presence of additional errors from other sys=-
tems or components. The net result being, that the mission outcome has

possibly been improved by the toleration of error within the system as a
whole.

5.49 The major form of midcourse correction will be velocity addition
or subtraction at some point in the actual traj ectory so that the points of
impact of the actual and desired trajectories will coincide even though the
paths do not. ’

5.50 The time frame involved in applying A V correction is important in
the same manner as in the discussion of attitude control requirements in the
section pertaining to the orbital rendezvous maneuver.

5.51 Most all possible flight missions (lunar flyby, lunar orbit, and
lunar landing) require similar techniques for midcourse corrections in flight,
Accuracy requirements would differ with the most rigid probably being a di-
rect lunar landing and the least restrictive being lunar flyby.

5.52 In examining the velocity characteristics of a passive body be-
tween the earth and the moon, it can be seen that the velocity falls re-
markably due to gravity pull from the earth on the way to the moon and
would rise in the same manner on the way back.

5.53 The lowest velocity in both flights is at the gravitational * midpoint"
between the moon and earth. The velocity at this point would, theoretically,
be the residual velocity over escape velocity that the vehicle left the earth
or moon with at launch. This low velocity point is the point at which steer-

ing correction would be made most economically. The higher kinetic energies

that resist change in the flight path direction are on each side of this point.

5.54 At this stage, it is possible to note how control system requirements

for midcourse correction can be vitally dependent on many things, such as:
a. Perturbations resulting from orbital launch.
b. Allowable time frame for AV correction.,
Cc. Predicted magnitude for AV correction.
d. Number of corrections planned.

e. Degree of flight path angle change attempted at
or near gravitational midpoint.

f. Mission requirements near target.

SR
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It would not be realistic to predict requirements without some test data in-
puts as rough guidelines in the above considerations, However, on the
basis of logical engineering parameters, it could be possible to predict
some relative changes in requirements in relation to the above areas of
consideration. TableZ relates some of the trade=-offs for the midcourse
correction techniques or systems and their proportionalities to the flight
variables shown.

5.55 While midcourse corrections will place the space craft on a path
to a point in space, terminal corrections will be required to provide any
orbiting impulses or enhance the successful return to earth on a flyby
mission. The largest terminal correction will be from translunar trajec-
tory into orbit about the moon. The requirements would remain indepen-
dent, to some degree, of initial conditions since an orbit can be estab-
lished from many initial conditions of velocity and altitude with roughly
the same retro impulse. Prior errors before terminal correction would man-
ifest themselves in orbital altitude and plane angle error. Orbital altitude
requirements would have a wide range for a lunar orbit mission and a narrow
range for a lunar landing mission. Since the orbit mission would logically
be attempted before the landing mission, some concrete data input would
provide strong guidelines to the maximum altitude error which can be ex~
pected prior to lunar orbit injection.

5.56 Orbital plane angle would be less critical for a landing mission
and more critical for a flyby or lunar orbit mission since the error in plane
angle could be corrected by lunar launch; but is not as easily corrected
while the vehicle is orbiting about the moon on an uninterrupted flight. On
return to the earth, terminal correction would be for orbiting, rendezvous
or direct re~entry.

5.57 The primary problem area in early flight tests will be to find the
trade~off level for the terminal correction capacity in relation to the prob-
abilities of expected error at arrival.

Lunar Maneuvers

5.58 The terminal course correction in the vicinity of the moon will re-
sult in one of three conclusions to the earth-moon trajectory: (1) small
corrections enhancing the circumlunar or flyby trajectory, (2) a circular=~
izing impulse resulting in a lunar orbit, and (3) a direct entry with retro to
a soft lunar landing. These maneuvers will be discussed below in terms of
control requirements.
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5.59 The lunar flyby mission is probably more rigorous than is generally
believed. The midcourse correction capabilities are limited, but must be

able to correct the small trajectory errors which originate at orbital launch
from earth and deflect the elliptical flight plan until it returns to Earth again.
This is a much longer error effect time than any other lunar mission possesses.

5.60 As was pointed out in the discussion on Astronautics, any extremely
small errors in launch can produce almost magnitude errors in pericynthion.

A high pericynthion in itself is not hazardous, but because elapsed flight
time determines the point of return (if any) to the Earth's surface, this devi-
ation can be very critical.

5.61 If the initial early trajectory of the flyby mission can be held to high
accuracy, or if the mission can be aborted if the total error is marginal for
success, then the velocity terminal adjustment to the trajectory will be com-
patible with the hardware available to the mission.

5.62 Since there is not a whole lot of difference in the control actions
for flyby and for lunar orbit, Z the same statement is true for lunar orbiting
maneuvers. The lunar orbit injection would be characterized by a 3000 fps
retro maneuver for lunar capture. This retro maneuver would require attitude
orientation prior to thrust and thrust vector control during the retro period.
These are capabilities which should pose no technological problems that are
predictable at this time.

5.63 Generally, as the mission requirements move into the area of the
lunar maneuvers, the major control problems shift from areas such as stabil-
ity, reaction time and system capacities to the areas of environmental effects
on system components, reliability, and elapsed time effects on the system

‘performances.

5.64 The problem of hydraulic system fluid sensitivity becomes apparent
even before earth orbital launch. As mission time elapses total effects of
radiation on organic piston seals, diaphrams, and flexible insulation could
become noticeable. Meteoroid erosion will not be serious unless enough
energy is present to puncture a tank, Jneumatic components, or solid rocket
cases. These probabilities are low.

5.65 Space vacuum environment is particularly dangerous to the engine
gimbal hinges and their lubrication. The coefficient of friction is a critical
value in designing gain rates and energy requirements for gimbaling under

5/

&/ Whipples distribution for Sporadic Meteoroids.

Same principles involved, only thrust and vector control magnitudes differ.
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thrust. There are no values for the friction values under thrust in the space
environment for such gimbal systems.

5.66 Temperature extremes and cycling is very damaging to pneumatic
seals, hydraulic O-rings, and other similar materials. Recent studyZ/
shows that typical high temperature pneumatic seals will not fail§/ at tem-
peratures to 1000°F but that they fail upon cooling to 650° to 700°F. Hy-
draulic seals are sensitive in the same way but will last up to several times
as long as the pneumatic seals. There is also sensitive interaction between
the synthetic hydraulic fluid compounded to withstand high temperatures and
the deterioration of such fluids on the O-rings and seals. These effects are
negligible on the short-life launch vehicles, but will become critical pro-

- blem areas on the space vehicle due to multiple engine starts, longer en-

vironmental effect times, and the need for continued high system reliabilities
as mission time elapses.

5.67 In summarizing the responsibilities and problem areas for lunar fly-
by or lunar orbiting, it seems that accuracy of vector control and timing are
important in the early translunar injections and that the terminal lunar maneu-
vers are of similar nature, their difficulty being directly proportional to the
success of the aforementioned translunar injection. The area of system-
environment-reliability interactions is the major problem area for control com-
ponents in lunar terminal maneuvers.

Lunar Landing

5.68 The early manned landings on the moon will probably be from a lunar
circular orbit established at about 100 miles altitude. The advantages of the
orbital landing would be opportunities to choose more precisely the general
area of letdown with more certainty than would be possible under direct entry.
In terms of the control systems, the two methods are similar enough to say
that the capability for one should provide near capability for the other, and
vice versa. The last 75 to 100 miles is the most critical in the lunar landing
mission whether it be from orbit or direct entry.

5.69 Since other areas of endeavor will probably show an orbital landing
to be more feasible for early flights, this discussion will bear primarily on
that problem.

.

5.70 After injection into the desired orbit, a transfer thrust to an elliptic
is affected which will impact the space craft on the surface of the moon. The

7/
8/
9/

WADC Tech. Report 59-428, William Walker, April, 1961.
Under N 300 psig.

For midcourse corrections.
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landing is—s7ftened by retro thrust resulting in velocity loss of around 600
feet/sec. 10 The optimum retro maneuver provides simultaneous arrival at
zero altitude with zero velocity. Actually, the zero velocity point will pro-
bably be about 100 feet off the surface and the lateral residual velocity
should be 20-30 fps. The last 100 feet will be under the control of a ter-
minal guidance technique which is reasonably immune to the basic problems
of low altitude such as rocket flame or dust attenuation of altitude sensors
accuracy within 100 ft range.

5.71 The problem of controlling this downward deceleration from 100
miles toﬁ!}) feet has been examined and one major conclusion is presently
critical. A constant thrust retro engine is of marginal value due to dif-
ficulty in reliability of the basic engine parameters such as specific impulse
and thrust. Such parameters as altitude and weight of the vehicle at lunar
arrival are subject to uncertainty which yield considerable difficulty in try-
ing to program a safe descent with a constant thrust system. Total expected
error from a constant thrust rocket motor would be about 3. 3% in velocity and
6.8% in altitude for a &h of 100 miles and Av of 6000 fps.L%/ Additional 1%
error in burnout time and a 30° angular altitude error13 for a 1° thrust mis-
alignment in a Ah of 100 miles would be imposed if these errors were pre-
sent during the descent.

5.72 A study of requirements and expected errors was undertaken for a
fully automatic system intended for unmanned operations. The problem under-
taken was for the Surveyor Program, but the conclusions are pertinent to the Apollo
task. Some design requirements for a variable thrust system were generated;
it called for a thrust variation of 50 or 100 to 1. Thrust variation state-~
of-the-art is indicated to be 25 to 1 with moderate development; possibility
of 50 to 1 ratios with considerable development in both injector controlled
and variable throat area combination models. The X~-2 aircraft varied thrust
from 5 to 1 by means of two chambers in 2500 1bs steps from 2500 lbs to
12,000 lbs thrust. The X~15 aircraft also possesses variable thrust but the
specifications are not known.

5.73 A two stage deceleration scheme was devised 1—4/and considered
feasible. It consisted of a fixed thrust first stage and a variable thrust sec-
ond stage. This arrangement reduces the need for the maximum thrust vari-
ation to about 20 to 1.

kg

Astrionics Lab Project 9(632-5215) for Wright Air Development Center, April
1959, CONFIDENTIAL,

Ibid

Neglecting additional altitude control such as reaction jets.

Y
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5.74 System requirements—l—s/ were generated for a small two-stage land-

Ing system of acceptable performance in terms of available or short range capa-
bilities.

5.75 The hardware for lunar landing is probably capable of being built to
the performance specifications required within the allowable time frame of
5-7 years. But, it is perceived that major problems are inherent in the elec-
tronic control sensors in the closed loop system. Of critical effect to the
control mechanisms is the possibility of positive or negative bias in the al-
titude, velocity or vector sensors. For instance, positive or additive bias

of the altitude input would cause impact before velocity approaches zero and
subtractive bias would cause premature cutoff resulting in free fall to the sur-
face. In the previously cited study, the maximum system bias error for satis-
factory landing of a medium sized unmanned vehicle is calculated for the sec-
ond (variable thrust) stage. The landing trajectories can differ in terms of the
maximum retro g-force as the vehicle slows above the lunar surface. Maximum
bias error in landing system for 1.5 and 3 g are shown in Table 23.

TABLE 23
MAXIMUM BIAS ERROR IN LANDING SYSTEMS

Parameter Bias
l1.5¢g 3g

Sensor Requirements

1. Thrust acceleration -1.5 to + ,05 fps® -6 to + 2 fps®

2. Thrust direction +1° +1°

3. Altitude determination -2to+ 4 ft -2to+ 1.5 ft

4. Velocity determination -5 to + 3 fps -5 to+ 6 fps

5. Velocity direction + 19 +1°
Computer Requirements »

1. Aaltitude req'd .01 fps® .01 fps?

2. Thrust acceleration req'd .1 fps? .1 fps®

5.76 Work is continuing on the feasibility of providing a closed loop with
man included. In view of recent orbital performance and a lot of simulated
mission results, manned control could be of major value and considered thor-
oughly in terms of the lunar landing sequence. Success in this concept is

15/

Velocity Control System Requirements, ITT Report 2057, WADC Weapons

Guidance Laboratory, April 1959.
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indicatedl—é/ until about 400 ft altitude was reached, then the early simu-
lations were suboptimal and erratic. A switch to two-pilot technique split-
ting the altitude control and closing velocity tasks resulted in very success-
ful results; generally less than 4 fps residual velocity and within 2000 ft of
a prescribed point of contact. Continued intensive practice in the one~man
mode after a time showed no appreciable difference in results from the two-
man mode including total fuel consumption.

5.77 In summary, it is felt that the control hardware for throttling and
gimbaling for lunar landing either direct flight or from orbit will be able to
be developed to the degree required. But, most problems will be associated
with the environmental effects on the reliability of this hardware and the ac-
curacies or bias of the electronic techniques generating the guidance inputs
for the control systems.

Lunar Surface Launch

5.78 The launch from the lunar surface will be an example of one of the
most sophisticated machines ever designed; launched from the most primi-
tive and adverse surface environmental conditions.

5.79 As a control problem, the task is not particularly prohibitive. The
launching ascent, once the surface is cleared, is not subject to atmosphere
disturbance and the control problems akin to it. The space vehicle launched
from the lunar surface will be cylindrical, about 30 or 40 ft long, 14 feet in
diameter, and weigh around 35-45, 000 lbs. This is generally a bit larger,
particularly in diameter, than the present Polaris IRBM.

5.80 Bending and stability problems at launch for such a configuration
would be almost negligible. The launch ignition, early recovery and ascent
would be reasonalbly identical to the Polaris launching; being initiated under
alignment of something less than vertical and without the benefit of sophisti-
cated radio communication from ground support complexes. The Polaris con-
trol system is capable of re-orienting its flight from launch angles up to 30°
from the vertical. Since the Polaris gimbal angles are no greater than those
designed for the lunar launch module, this unimproved launch site problem

- Seems to be within the predicted capability. Of course, there are some in-
consistencies in the comparison such as the fact that the Polaris launch is
characterized by a small initial upward velocity at motor ignition and the

solid engines have high thrust rise tendencies producing high control torques
very soon after ignition. The lunar takeoff module should be capable of align-
ment to the vertical within + 10° and the large angle correction capability would

16/

Aviation Daily, Volume 183, No. 19, 16 January 1962, Laboratory source
unknown.,




be required only as emergency mode control with the required levels of
correction arrived at through logical probability techniques.

5.81 The same early ascent characteristics will be present in either
a lunar orbital injection from the surface or a direct trajectory return to
earth,

5.82 With all atmospheric and staging type disturbances removed from
the flight, the control systems are relegated to steering and attitude drift
functions which are not construed as major problems in any way. Develop-
ment of systems should be of engineering nature adobting the present tech-
niques and feedback circuits to the vehicle configuration used in the lunar
launch sequence.

5.83 The same comments are applicable to this mission sequence as

the landing sequence. Namely, that the required hardware and its desired
performance are attainable in terms of present capablilities, but that a crit-
ical area of interaction is the time-environment reliability effects upon the
components of the control system, particularly the gimbal hinges and hydrau-
lic components.

5.84 The accuracy characteristics of the mission sequences are covered
thoroughly in the guidance section and could be considered as requirements
for the guidance and control systems.,

5.85 The true accuracy requirements of a gimbal actuator system are hard
to isolate because of the presence of the closed loop feedback techniques.
Hardware induced error is damped out by its own manifestation through the
closed loop system.

5.86 This is a favorable situation in the cases where hardware error can
arise through the environment time effect. But, due to the rigid fuel and
weight constraints on the later acting stages of the space craft 17 where the
error is more prone to arise, there is not much room to include extra capacity
for negating or damping possible errors. For this reason, the time-environ-
mental-reliability effects on control subcomponents remain a problem and
their attenuation should remain a high priority goal.

5.87 The surface launch traj ectory will be followed by orbital launch
and/or midcourse correction sequences as the vehicle returns to the earth.
These sequences are relatively the same as the earth outbound trajectory and
those discussions will suffice for the inbound trajectory until the re-entry se-
quence is reached.

LZ/I‘)‘)I
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added launch weight from earth for every 1 fps midcourse cor-
rection of a 15,000 1b capsule.
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Reentry

5.88 Capsule reentry will terminate the lunar flight whether aborted
or successful. Except in the case of very early booster ascent abort,
the abort and recovery systems will be the major operating system and
the reentry protection components will play almost a negligible role.

5.89 The basic control problem in reentry is in two parts 1) to con-
trol the entering speed of the capsule by means of some energy dissipation
scheme whether it be retro techniques, atmospheric "skipping," drag, or
some combination of these and 2) to provide some terminal control when
possible to enhance the chances of landing safely in a preselected re-
covery area. ‘

5.90 At the present time, the Mercury and Apollo capsule reentry
schemes are primarily concerned with the solution to the first problem and
much work is being accomplished toward this end. It has been generally
computed considering a fixed volume, maximum entry corridor, miniﬁl}n
weight capsule, that a maximum L/D ratio of about .5 is desirable.

5.91 These low L/D configurations are generally dependent on the
angle of attack during reentry to give the desired drag-ablation combi-
nations for safe reentry.

5.92 Control for these maneuvers consists of an impulse to change
vehicle angle of attack quickly and accurately. These maneuvers will

be initiated at around 75-100 miles. It is desirable to hold peak g loading
below 14 g in the eyeballs~in direction if the pilot 1&1‘/equired to monitor
and backup the entry configuration control systems.

5.93 The method of providing the control impulse is generally con-
sidered to be the use of aerodynamic surfaces after the capsule enters
atmospheric levels which are dense enough to provide adequate dynamic
pressure. Early reentry attitude can be brought about by the reaction jet
attitude control system while the capsule is on the outer fringes of the
detectable atmosphere.

5.94 Particular control problems which are presently being evaluated
are roll-yaw cross coupling, lateral and directional stability, general
aerodynamic stability through a range of angles of attack and Mach values.

18/ R. W. Rainy, Summary of Aerodynamic Characteristics of Low Lift-Drag
Ratio Reentry Vehicles from Subsonic to Hypersonic Speeds, NASA TM X~
588, September 1961 SN
" Cree, Brent and Douvillier, Influence of Sustained Accelerations on
Certain Pilot Performance Capabilities, Ames Research Center,

July 1961, oD
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5.95 The stability problems seem to be resolving into minor problems
with the exception of the roll control-yaw cross coupling effects, and

the oscillatory modes that can occur if damper fins fail during critical
stages of the reentry maneuvers. These particular problems occur in some
of the shapes tested in hypersonic wind tunnels. Results with these
and other shapes indicate that with proper modifications; blunt, low L/D
vehicles can be made aerodynamically stable and controllable at angles of
attack which encompass zero lift, maximum lift, and maximum L/D ratio.
Three of the configurations studied (cant nosed, flat bottomed, half cone;
connex-faced body of revolution; and blunted cone) required only minor
modifications to obtain satisfactory aerodynamic characteristics.

5.96 As in the case with fluid dynamics, it is possible to compute
with reasonable confidence some of the basic body characteristics; how-
ever, such is not possible with body shapes possessing rapidly changing
surfaces and various results from edge relief, or carryover effects.

5.97 In placing controls to provide satisfactory aerodynamic charac-
teristics, the type and location of the controls must be selected with care

to avoid problems such as cross coupling. At present, in the computation

of control effectiveness, it is seldom possible to theoretically account for_l_/
local conditions and flow phenomena in the vicinity of deflected controls,
and the reliance upon experiment is mandatory in the case of control con-
figurations for low L/D reentry capsules.

5.98 If advanced work reverses the current conclusions concerning
aerodynamically stable shapes and successful attenuation of cross control
effects, some indications are available that required piloted reentry

maneuvers can be performed without any aerodynamic controls by using
vertical center of gravity offset to trim at the required L/D ratio and use
reaction jet controls to make rolling maneuvers. In regards to this scheme,
it does not seem a good solution to attempt cg adjustment in the capsule
while under high g loadings. There would seem to be inherent structural
and response problems in moving masses of sufficient weight to shift and
stabilize the cg appreciably, within relatively short time frames, to result
in changing angle of attack up to 75

20/ NASA TM X-588, op. cit., TSR,
21/

Boxer, Rainey, & Fetterman, Aero-Dynamic Characteristics of a Variety
of Low-Lift Drag Ratio Reentry Vehicles, Langley Research Center,

July 1961 , «Ofsitsbidiih. .
Moul, Schy, and Williams, Dynamic Stability and Control Problems of

Piloted Reentry from Lunar Mission, Langley Research Center, July 1961,

22/
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5.99 There is not much opinion available as to the merit of a 100%
attitude jet system under the conditions associated with direct reentry
from the lunar trajectory. It would seem that reaction je Sontrol would
be a feasible alternate or redundant control gystem. %:ainly it was
proven as a workable system during piloteg"'orbital reentry in the recent
manned flight. However, there are admjpfedly more adverse conditions
in escape velocity reentry than are presént in orbital reentry.

5.100 The presence of higher heat exchange rates in the lunar return
could pose control actuator problems. The control surfaces will be pro
to high levels of localized heating. As could be expected, the gﬁt/ent of
localized heat transfer is large for large flap deflection angles.

5.101 There seems to be no solution offered to the problem of control
surface heating except statements that the extent to which flap heating
can be minimized is dependent on trade-off studies concerning aerody-
namic characteristics of the particular system approach employed.2—4/
It may be assumed that if the flap heating problems are insurmountable,
that attitude jet controls may be adjusted for angle of attack control
during the reentry sequences.

5.102 The discussion of the winged type capsule is _t/undertaken in
detail at this time because the higher weight penalties involved in the
higher L/D ratio vehicles are considered prohibitive in terms of the lunar
landing -return mission booster capabilities at this time. The other con-
trol problems of winged capsules would be generally parallel to the previous
discussion on low L/D capsules.

5.103 The problem of controlling the capsule to a chosen landing point

is not really considered in most schemes. The recovery is usually effected
by attempting to predict the approximate landing area and cover it with mobile
recovery forces located at strategic positions. As long as low L/D capsules
are considered and terminal landing is by means of parachute devices, the
problem will remain one of controlling the recovery forces toward the landing

point and not attempting landing point control in terms of location of recovery
forces.

5.104 In summary, the basic stability of the capsule does not seem alarmingly
difficult to attain according to recent works. However, the problem of adjusting
the angle of attack (i.e., the L/D ratio) of the capsule could be difficult by

23/

Stainback, Jones, and Coe, Convective Heating of Basic Shapes for Lunar
Mission Vehicles, Langley Research Center, July 1961, CONFIDENTIAL.

24/ 1q.

25/

For equal volume and payload capacity capsules.
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reason of high localized heat rates in areas of control flap deflection.
These heat levels could not only affect the surface structural material
but also can affect the reliability of the actuator systems if thermal
conductive rates allow high BTU input to fluids . seals, Orings, or
lubricated bearing surfaces. Attitude jet systems may be employed if
established to be reliable at the higher dynamic pressures and heat
rates associated with direct lunar trajectory reentry.

5.105 The winged capsule configurations capable of landing spot
choice are too heavy for the lunar landing mission. Until the capsule
weight requirements allow such configurations, the earth landing re-
covery problem will still be the strategic location of highly mobile re-
covery forces in patterns consistent with predicted impact areas. There
are possible minimal steering techniques available for parawing or para-
chute components which appear to be feasible if desired.
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PART II. FLIGHT DISTURBANCE CONTROL

Engine Qut
5.106 The capability to control the disturbances of engine malfunction
currently depends on cutting the bad engine out of action in the cluster

before the malfunction brings catastrophic explosion. Therefore, the
major flight path disturbance is not from the cause but the cure.

5.107  The engine-out control technique has been devised to monitor
critical engine values (speed, chamber pressure) and initiate a cutoff
signal if the values rise or fall more than the expected amount. This
effectively raises the cluster reliability in terms of mission success be-
cause it removes the failure threat associated with uncontrolled engine
malfunction resulting in catastrophic occurrence. Reliability results
with and without the engine-out control are shown in Table 24.-2—6/ The
chances of initiating a false cutoff signal are included in this reliability
table.

TABLE 24
NOVA CLUSTER RELIABILITY FOR SUCCESSFUL 1st STAGE BOOST

1 F-1 8 F-1 8 F-1 Cluster With
Engine Cluster Engine~QOut Systems
Predicted .995 .961 .988

5.108 The loss of an engine during first stage boost introduces two
problems: (1) the mission performance capability is reduced by loss of
thrust, (2) thecontrollability is affected by the thrust imbalance of the
remaining engines, necessitating gimbaling, and if the failed engine is
a control engine, the control torque available to compensate for later
perturbations is reduced.

5.109 The second problem can be limited in seriousness by proper
design of sensing components, feedback loops, and available gimbal con-
trol capacity. But there is currently no method to replace the lost thrust
of an engine-out disturbance.

5.110 There are two alternative solutions as long as there is no possi-
bility of replacing lost thrust: (1) demand high cluster reliability and

26/
North American Aviation, Report S1D 61-327, October 1961,
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lift capacity payloads; or (2) accept lower cluster reliability and lift a
lighter payload whose weight will still allow mission success with N-1
engines should malfunction occur. Table 2527,28/ relates the payload
capacities in lbs for the 4 engine and 8 engine vehicles for orbit or -
escape missions with or without one engine gone.

TABLE 25
PREDICTED PAYLOAD LIMITS

VEHICLE TO ORBIT TO ESCAPE
N Engines N-1 Engines N Engines N-1 Engines
C-4 (N = 4) 220,000 lbs Successful 96,000 lbs Marginal
mission pos- for mission
sible. Un- failure
known payload
NOVA (N =8) 370,000 lbs 315,000 lbs 183,000 lbs 150,000 lbs

Certainly, an engine-out system is of dubious need if an engine failure,
catastrophic or not, results in mission failure. One method of engine-
out control would be effective payload weight scheduling to allow auto-
matic choices of alternate missions should an engine failure early in the
program nullify the chances for success of the intended mission.

5.111 Alternate missions should be capable of completion with 1 engine
out. This problem is important and should be fully understood before
Apollo mission scheduling is frozen. Of prime importance is a method of
uprating remaining engine thrusts upon single engine malfunction in order
to complete the intended mission with as large a payload as possible.

5.112 Analysis has shown that the second disturbance (thrust unbalance,
wind controllability) is not evidently serious in terms of design specifica~
tions for the F~1 engine, the C~4, and Nova vehicles. Table 26 shows the
results of calculations to determine the disturbance from a malfunctioning
engine operating at 50% of capacity thrust for a two second transient
period. The two second period is picked arbitrarily but it is highly pos-
sible that the engine could malfunction to 50% thrust in 1 second until a

21/ Lockheed Georgia Co., Report ER 5388, October 1961 , At iiEiiir—
28/ '

General Dynamics/Astronautics, Report No. AE 61-0967, October 1961,




a cutoff decision, then decay to negligible thrust in .7 to .9 seconds ,_7-_9/
resulting in about 50% average thrust for the 2 second time frame. The o
gimbal requirements are given for zero wind and 2o wing (74 meter/sec)-é-Q/
at Cape Canaveral, Florida. Wind effects are for a non-winged payload
at peak dynamic pressure at first stage boost. Similarities in the C-4
control and non-control engine-out columns are because the four C-4
engines are all gimbaled and any failure is a control engine failure.

TABLE 26
PREDICTED ENGINE-OUT GIMBAL REQUIREMENTS
Non-winged payload N engines
peak dynamic pressure N' control engines

2 second, 50% thrust unbalance

CONTROL ENGINE NON CONTROL

VEHICLE oUT ENGINE OUT ALL ENGINES IN
C = 20 wind 3.970 3.970 2.150°
N =
N = No wind  1.17° 1.17° 00
NOVA - 20 wind 3.81° 2.86° 2.36°
N =8
: o (o] O
N' = 4 No wind .65 .495 0

It will be noted that the no-wind gimbal requirements would almost be
considered negligible since the RMS uncertainty of the F-1 gimbal system
is reported to be .599 plus .4©° for snubbing action.il-/ However, this
amount of uncertainty does demand a reliable closed loop system.

5.113 Since the thrust unbalance portion of the gimbal requirements in
Table 26are negligible, Figure 20 has been included to show the time growth
of a 50% control engine-out situation uncorrected. Figure20is a simple
rigid body rotation curve with no aerodynamic effects considered. It
serves to show that reaction time is not particularly sensitive for the first

29/ 4.
-3—(—)/ Thid
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2 or 3 seconds after an engine-out shutdown. The 6° gimbal (8.4° on
diagonals) capacity of the F-1 engine seems to hold adequate for these
disturbances if they are corrected within 2 or 3 seconds.

5.114 Second stage engine-out capability is subject to the same dis-
turbances as the preceding first stage discussion except that as the stage
rises above the atmosphere, windshear and dynamic pressures drop to
negligible values. The J-2 cluster in the S II stages have similar gimbal
capacities (6° which are considered adequate since second stage disturb-
ances will probably be less severe than initial boost. Table27 documents
the value of the aerodynamic forces about the center of pressure by avail-
able disturbance control moments about the center of gravity. Ua/Ua serves

as a predicted proportionality between gimbal angle and controllable steady
state angle of attack

U /
[required . angle of attack ] . 32,33
Lgimbal angle Us

It is possible to see from Table 27 that the one engine out does not seri-
ously hamper 2nd stage controllability. Current information has not been

found concerning mission completion capabilities with one S II engine
lost.

TABLE 27

S II STAGE CONTROLLABILITY
ONE CONTROL ENGINE-OUT 100%

S1I SII
C-4 .30 . 041
NOvVA .33 .0063

Control Malfunction

5.115 Control component malfunction would creat disturbances stem-
ming from causes such as an engine stuck at maximum gimbal, an engine
swinging about in an unconstrained manner, a failure to respond to computed

3z/ Ibid.
33/
Part I, NASA Industry Apollo Technical Conference, July 1961,
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thrust vector requirements, or some electrical mismatch of guidance sig-
nals to servomechanisms. Malfunction in any control system is bound
to result in some type and magnitude of disturbance.

5.116 It seems feasible to consider that only one hydraulic gimbal sys-
tem would fail at any time since computed reliability of the F-1 gimbal
unit is reportedly .999 .34/

5.117 If one engine erroneously is at maximum gimbal angle 8; then
the N useful remaining engines swivel

6
.t degrees

to counteract the disturbing torque. The longitudinal thrust component
remaining is then

)

=9

Tcos 6+(N - 1)<T cos =

where

T = single engine thrust

N = number of engines

& = single erroneous gimbal angle
for

6 = 69 (maximum).

Results of the calculation are shown for the 4, 5, and 8 engine vehicle
in Table 28,

TABLE 28

PERCENT LONGITUDINAL THRUST REMAINING
AFTER 6°© CONTROL MALFUNCTION IS CORRECTED
BY GIMBALLING REMAINING ENGINES, S 1I STAGE

NO, ENGINES % REMAINING
N = 4 (C-4) 99.81%
N = 5 (C-5) 99.86%
N = 8 (NOQVA) 99.92%

34/ North American Aviation, Report SID C1-327, October 1961,
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5.118 The problem of any malfunctioning vector angle control apparatus
is not critical insofar as one-engine events are concerned. The control
may take the form of locking the engine in any vector {even hard steer).
The disturbance will reach a steady state and be counteracted through the
closed loop system aligning the remaining engines while still using the
longitudinal vector of the stray engine for useful work in completing the
mission.

5.119 The small percentages of diverted thrust are negligible for pri-
mary boosting in first or second stages. But, for the long trajectory in-
jection toward the lunar target it could prove more serious.

5.120 In order just to hit the moon at any point with an uncorrected
trajectory, the velocity error must be held within 75 fps in 36,000. This
accuracy may vary some amount relative to the accuracy of other launch
variables, but may be well represented by this figure.§_5/

5.121 If, at orbital launch, checkout showed an inactive or stuck
hydraulic gimbal system, the abort decision would have to be based on
the capability to achieve the desired velocity accuracy with the degree
of possible thrust diversion.

5.122 Since the trajectory and midcourse corrections do not require
much gimbal capacity, minimum angular requirements for this sequence
would negate the seriousness of larger thrust diversion from actuator mal-
function and help enhance the capability to reach the desired accuracies
of velocity.

5.123 Upper stages of vehicles that are required to remain in orbit
before ignition will be particularly subject to hydraulic actuator sluggish-
ness or failure because of fluid viscosity increase or even solidification.
Several heating methods are possible ranging from orbital orientation for
solar heating to on-board electrical heating jackets.

5.124 The reliability of an unprotected hydraulic system in a cryogenic
environment will fall rapidly. Table 293_6/ shows some expected orbital
stay times for the lunar mission for the various vehicles. The smaller
vehicles stay longer because there must be more rendezvous flights to
assemble and outfit the orbital launch vehicle and space craft prior to
launch.

35/ cf. Section II, Astronautics.
36/ - : _
Lockheed Georgia, Report ER 5788, October 1961, Sererriuimmnm.,
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TABLE 29
EXPECTED ORBITAL STAY TIMES

POSSIBLE ORBIT TIME

VEHICLE BEFORE LAUNCH
NOvaA 12 hrs
C-4 68 hrs
C-3 212 hrs

5.125 The possibility of mechanical gimbal systems to overcome the

environment problem seems feasible since large angular capacity is not
required and the attitude jet systems are capable of good attitude orien-
tations prior to thrust periods.

5.126 The most critical component failure would be an error in the servo
circuits that translate the guidance signal to engine motion. This type of

malfunction is uncontrollable and shows the need for control computer and

servo reliability to insure missions success.

5.127 All phases of the Manned Lunar Flight are subject to engine and
control system disturbance. To control the disturbances seems to be
within our present capability. However, the major project is still to prove
component reliability as a first defense against the disturbances and sec-
ondly, to involve a reserve thrust capacity to replace lost thrust due to
engine or control malfunction.

Wind

5.128 Wind shear has been introduced in the discussion on engine-out
capability. Extremely bad wind conditions are sufficient reasons to halt
vehicle launches. The problem of determining actual wind environment
serves two important purposes: (1) to provide data for design criteria,
and (2) to determine the relative probability of success just prior to a
planned launching.

5.129 Some work has been done3—7/ on smoke trial analysis

and is showing improvement for these purposes over the current balloon
sounding method. The preceding discussions have shown that design re-
quirements for C-4 and NOVA will exceed the needed capabilities for 2¢
winds (75 m/sec) at Cape Canaveral even with one control engine not
functioning. However, superior as this might be, added controllability

3/ H.L. Runyan and A.G. Rainey, Launch Vehicle Dynamics, NASA
Industry Apollo Conference, Part I, July 1961, SedilhRRkiEanes
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reserve will be insured by placing the gimbal diagonals in the vehicle
pitch plane thereby taking advantage of the increased gimbal angle
(+ 69 v 2) on the diagonal.

5.130 The available wind moments were calculated for the symmetrical
payload of the launch vehicle and Apollo space craft on top of the booster.
The launch of any winged payload will considerably change the wind mo-
ment on the space craft. A study should be undertaken to determine whether
the wind force vector from the winged payload should be in the pitch plane
to take advantage of more gimbal angle; or whether the vector should lie

in the yaw plane to take advantage of less wind velocity in the non-
prevailing wind directions. (Table 30).

TABLE 30
CAPE CANAVERAL WIND

Prevailing Wind Non-Prevailing Wind
W-E N-S
S-N
E-W

5.131 In terms of transverse winds, the winged payload, being on the
very largest lever arm possible will raise considerable disturbance on
initial boost. The gimbal angle capacity required to counteract such dis-
turbing moments is variable proportional to the disturbing moment

6 = gimbal angle required

a = angle of attack at time t
after onset of disturbing
moment

Fode = aerodynamic disturbance
moment

Fodc = available control moment

6 = f(a
Fody
(o) = Fodg (a)

but Fede is severely limited and can be considered relatively constant.

.. 8 directly proportional to Fody.

38/

General Dynamics, op. cit.
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5.132 It can be seen that this problem area could severely tax the gimbal
capacities for low wind values directly against the broad surface of a
winged payload on the tip of the earth launch vehicle. Not only first
stage control is involved in the winged payload problems because staging
occurs while still in the atmosphere and the wind-caused angle of attack
value is critical for successful staging, Wind values predict a conserva-
tive angle of attack at staging of 30 39/ for the Apollo capsule. For simu-
lated runs, C-3 vehicle, Apollo payload, and attack at staging equal to
49 from expected winds; the resultant angle of attack was 10° at S II igni~
tion after short coasting. To correct this, the S II engines were at full
gimbal (6°) for 2.5 seconds .20/

5.133 There are basic aerodynamic problems associated with winged
payloads that should be resolved before attempting to adopt Apollo boosters
to winged vehicles.

Staging

5.134 A staging of the launch booster occurs in the atmosphere for all
possible lunar flight tests, probes, or missions and is one of the most
critical periods in determining a successful flight. The C-4 and NOVA
vehicles both stage at about 2 x 10° ft. At this altitude all the preceding
disturbances discussed have had a chance to contribute summarily to the
flight path at staging.

5.135 A second set of influences on the relative success of staging are
the parameters of the vehicle itself and certain constants present in any
separation-ignition technique. The controllability of these disturbances
is manifested in three areas: (1) ability of S I to deliver S II to staging
altitude and cease thrust with a minimum dispersion (angle of attack)
about the flight axis, (2) the ability of S II to coast for the pre-ignition
period with little or no increase in the angle of attack, (3) the ability of
S II to correct what dispersions are introduced during the staging process
and S II ignition.

5.136 The controllability is subjected to various constraints such as
thrust decay and build rates, rocket flame impingements at separation,
ullage requirements and engine-out capabilities. Successful simulations

39/
10/

General Dynamics, op.cit.

The C-3 vehicle (2-F~1 engine) possesses the worst staging charac-
teristics of the Saturn series.
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were run on the 2-F-1, C-3 vehicle which has much worse staging charac-
teristics than either the 4-F-1,C-4 or 8-F-1, NOVA.4L

5.137 The results will not be discussed in this section as the C-4
vehicle is considered as submarginal for the current approaches to the
lunar mission. Instead, the several variables that can increase proba-
bility for successful staging will be discussed and their requirements on
the control systems will be shown.

5.138 Rocket flame and blast impingement at separation dictate a period
of uncontrolled coasting separation for the two normally unstable vehicles.
During this period of short coasting, the vehicle unstability gives rise to
tumbling impulses that effectively change (increasingly) the angle of attack
in relation to the direction of flight., Figure 21 shows the approximate
limits for the coasting-flight angle.

5.139 As the angle of attack at ignition grows, the required gimbal angle
on S II for return to flight path grows, and as the possible gimbal angle
requirement at ignition grows, the chance of high normal control forces
stressing the structure and bending moments are involved.

5.140 There are some feasible techniques4_2/ which are applicable for
the attenuation of the coasting-separation in the Saturn~-type vehicles.

FIGURE 21 .
[0] ~20 l . /
8 _ Marginal Contro l/a}:jillty- General
o é Saturn Staging
§ 8 Characteristics
©
pad Q 10
2si =
= O g
g —
o O
s 5
CI 0
™ 0 5 - 10

Coast Period (sec)

41/

42/
Ibid.

General Dynamics, op.cit.
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They are:
a. Loft the trajectory higher for staging.
b. Change the stability characteristics.

c. Addition of control during coasting. .

The technique to allow less dispersion during coast by lofting the initial
trajectory to allow smaller dynamic pressures at the staging velocity is
feasible because it is one solution that does not tend to reduce reliability.
The most significant tradeoff is loss of payload capacity for lofted trajectory
as seen in Figure 22,

FIGURE 22
~ 150
&
} Resultant Payload Loss
— From Lofting Trajectory
o to Escape High Dynamic
5 Pressures at S-I Staging
wn
0 80
o
o
9
g
©
o
>
A 0
0 1000

Payload Loss, lbs

5.141 The inertial properties of the vehicles (particularly S II) can be
changed to provide a more stable aerodynamic moment for uncontrolled
coasting. This action results in minor structural and fuel feed complica-
tions which reduce payload through added structural weight by about the
same predicted magnitude as the lofted trajectory, but with a drop in some
system reliabilities—mainly propellant feed.

5.142  For addition of attitude control during coast, heavier S I retro-
rocket systems or canard surfaces all result in better control of angle of
attack during coast but penalize payload and introduce lowered mission
reliabilities by virtue of added components.
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5,143 Some study has shown that S II liquid engine ignition is not im=- :
paired by fuel floating in tanks during very short periods of zero gravity

coast. 43/ This particular constraint should be thoroughly understood be-
fore such design con51derat10ns are actually pianned for,

| 5.144 All the control information presented in this discussion is con-
‘sidered as magnitude prediction only and indicative of information and
' . analysis that should be firmed in order to make efficient decisions re-

garding final configurations and design parameters.for the manned lunar

" shots.

5.145" In retrospect staging is a critical area, the Satum flight plans show

2 atmos;:henc stagings requirec for each orbital lunar shot. The sequence
is a concentration of many adverse effects and there exists fine lines be-
tween mission sucgess and failure. Three more separation phases occur
per lunar mission but these are basically unpowered jettisons that do not
contribute such disturbances as they occur abové the atmosphere and in
the vicinity of the moon. The v npowered stage jettisons will change the

dynamic moments and characteristics of the space vehicle., These changes

will affect the vehicle reaction to attitude pulses and increase the sensi~
t1v1ty to any thrust mlsalignment ar later sequences.

_ Structural Vibration (Bend g)

5.145a With the advent of large high performance missile and space .
boosters the light weight flexible airframe, and its related control sys-
tem=structural instabilities have become important design problems in’
new booster development : ‘

5.145b Present airframe structures are subject to dynamic phenomena
which are usually undesireable. Missile flexibility is clearly recognized
asa property which can adversely effect the control system sensors; the
major flexure disturbances which affect control systems are the first’ three

: modes of long body bending and the first torsional mode in twisting.

- 5.145¢ Within the vehicle, there is a guidance and control system that
" controls the. orientation of the engine thrust vector. Angular rate . includ-

ing flexible body bending, are sensed by gyros which transmit corrective
signals through the flight computer to the servo-hydraulic mechanisms.

The vehicle respons to these signals by vectoring the engines, which .

initiate further elastic deformations and these in turn produce additional
gyro signals. This interaction or coupling is the basic feature of struc-
tural feedback. This feedback interaction will, if uncontrolled, provide
such flight path disturbance that the vehicle can osdiilate destructivel}"

43/ General Dynamics, op. cit. ‘
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and the flight have to be aborted. With the flexible airframe of the present
boosters, the bending must be tolerated and the only real method of dis=-
turbance control is to prevent the initiation and propagation of harmonics °
leading to destructive oscillation,

5. 145d The current method is to pick a control frequency as far as pos=

. sible from the natural vehicle bending modal frequencies and at the same

time provide effective electronic filtering of the structural feedback 'sig-
nal from the rate gyros to the guidance system. The basic success of the
current method restsnot primarily on the control systems, but upon the

- analysis of the vehicle dynamics which serves as the primary input to: the

control system stability parameters.

5.145e The analysis of dynamic flight response of a missile involves
consideration of factors which are often perculiar to the specific booster

- configuration. This consideration alone limits the usefulness and/or

accuracy of any single method of analysis. However, in spite of the
presence of enumerable variable in bending and torsional analysis; the
result 433, 43b/" of many flight tests of all types of flexible boosters

show. that the present analytical methods are sufficient to predict and

isolate successfully the dangerous instabilities prior to flight testing.

‘The majority of in-flight oscillations that are present in early flight

testing are not destructive and are relatively easy to eliminate or
attenuate as control inputs.

5.145f Bending mode stability. may be achieved throught the control
system in two ways: attenuaticn stabilization and phase stabilization.
Attenuation stabilization holds iewer in uncertainties and is the most
favorable method when the magnitude of the bending mode frequency is
well above the control frequency. Most large boosters have the first
bending mode close to the control frequency and therefore, must resort
to phase stabilization for that mode because straight attenuation of the

- filter interferes with the normal gain values. Phase stabilization con-

sists of procedures whereby the filter is designed to include lead and
lag units to produce maximum stability for a prescribed gain level. The

design and development of these electronic filter networks is well known. .

and should pose 70 major problem in Saturn series or Nova design and

i development

4—3Q/Waymeyer and Sporing, An Industry Survey on Aeroelastic Control

System Instabilities in Aerospace Vehicles, IAS paper 62-47, Jan, 1962. .

Bt

iller & McLauphlin Summary of Flight Data of Loads Significance
~ for Five Types of Large Missiles, NASATM X-510, July 1961, Gummm

. oM.

43¢/ The first Saturn flight, SA-1, (Oct. 27, 1961) was successful and showed

good compliance between predicted dynamic response and actual con~
trol stability (NASATRX~500 (?)).
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' 5.145g An adjacent problem to filter analysis is the choice of location

for the rate gyros in the airframe. This decision also 1s based upon the

‘‘bending analysis performed before flight testing. Positions along the
- longitudinal axis are usually chosen and the characteristic of the bendinq

at that point is taken into consideration in deciding the techniques to ‘
provide the required dynamic stability during the flight. The positions -
of the bending nodes and antinodes and their relative movement up or '
down the longitudinal axis during flight progress is a factor of consid-
eration in the location problem. These analyses also should cause no
major problems in large booster design and development. *

Sloshing

5.145h Sloshing and other oscillatory disturbances due to the unrestrained .
motion of liquid propellants in a large space booster are controlled in much -

'the same analytical manner as the structural bending problems of the previous

section. ‘ ¢

¢

5.1451 The severe sloshing-interaction frequencies are isolated by initial
calculations, then the control retes are adjusted to avoid sevére excitation

" of the liquid-tank systems. The feedback circuits are sometimes filtered

electronically to avoid the generation of erroneous flight commands due to K
sloshing-structural—control instabllity

5.145j In the case of the first fhght test of a Saturn type booster, the
criteria for designing the filters neglected the effect of the sloshing pro-
pellant. 43d This is permissable when correlated with the assumption
that forces resulting from propeliant sloshing will not have appreciable

effect upon vehicle bending mod*s and control stability. The assumption

is valid as long as the frequenc es are well defined and no dependency is
made upon the control system to provide damping of the sloshing propel=-
lant. When the control systems are divorced from slosh damping, the
control of the liquids must be achieved by the incorporation of anti-slosh
devices into the propellant tanks. Weight is a critical constraint in
vehicle design, so damping devices such as baffling must be designed to
provide acceptable stability with minimum weight.

- 5.145k Acceptable slosh suppression was gained in the SA-1 flight by.

the addition of Z-rings in the upper parts of the clustered circumferential
70" tanks and no dampers at all in the central 105" tank.

434/ Robert S. Ryan, Control Flutter Stability Analysis of Saturn SA-1,
NASA TM X-400, January 1961, <SSSrmmeSniins
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! ' '5.145m . The clustering of booster propellant tanks possesses an advantage
e ‘ over single tanking in terms of slosh stability. This is due mainly to the
*I T - smaller diameters which result in higher slosh frequency and reduction of

sloshing mass. The sloshing mass of the SA~1 was always less than 3% - ~. . _ .

of the total vehicle mass.

"5, 145n Because of the current lack of ability to reliably fabricate large- ‘...
single tank Saturn boosters, the clustered tank configurations will prob-
l ‘ ably be used for some time. The slosh suppression problems of the
- clustered tanks seem to be minor problems that will be engineered with-
..out undue complications arising. However, the problems associated with
large diameter tanks could be much more complex and difficult to suppress,
"and would probably call for slosh damping stability circuits included in the
- . closed loop-control system. The weight penalty induced with extensive
baffling,combined with the additional control system constraints lessen
-the attractiveness of large diamater propellant tanks from a control stand-
point. The advantages in other :echnical.areas of large diameter propellant
.tanks should be weighed agains. the control and cost disadvantage to
. evaluate whether the developme.it effort is really feasible.

f

‘ R S T
' O EE O N S . .

5.1450 1In conclusion, it may e said that slosh suppression analyses
and capabilities exist for clustered tank vehicles; although the slosh

' analysis of the larger diameter single tanks is not more difficult, the
suppression techniques may be undersirable or incapable of providing
acceptable control stability.

oy
-l .
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PART III. SYSTEMS DEVELOPMENTAL OUTLOOK

AV4

Hydraulic Thrust Vector Control System

5.146 The hydraulic medium seems to be the most respected method
at the present time for all stages of Saturn boost. State-of-the-art
development in the cold gas cylindrical and vane actuator techniques,
and the hot gas servo system is such that hardware required to implement
these systems has generally lower reliability and much less operational
experience than equivalent hydraulic systems, It has been stated that
the gas actuator system holds merit for the second generation or follow
on systems.4_4/ The hydraulic components of gimbal systems are prone
to environmental hazards, both from engine heat and space or cryogenic
cold-soaking. The working fluid of the hydraulic systems is the most
temperature sensitive component in the present systems. The current -
design fluid specificality (Mil-0~5606) restricts the unshielded environ-
mental extremes to -30°F and 275°F. It has been stated that acceptable
all mechanical or pneumatic systems could be prototypes in 7 months.
This is probably very optimistic.

5.147 The RP-1 fueled 1st stage engines could use propellant fluid
pressurization systems as substitutes for the hydraulic systems. Opinion,
however, seems to be that the reliability gain would be negligible and the
additional engineering effort expended to develop two different fluid power
systems for F-1 engines would nullify what advantage that could be gained.

5.148 Both the J-2 and LR 115 engines scheduled for possible us in
Saturn upper stages require gimbal capacities and hydraulic techniques
comparable to systems in use (Atlas MA-3). Inputs and experience from
these previous systems will probably be useful in perfecting the hydraulic
components from present state-of-the-art hardware.

5.149 The single engine actuator system required for the F-1 would
require 2 servo actuator assemblies (pitch and yaw) and their integrated
power package. The lightest and most dependable pump power source
would be an accessory drive pad. For 3750 RPM, the system would re-
Quire about 114HP for periods of maximum control rates.4—6/ F-1 design
total gimbal capacity is + 6° in a square or + 8,49 in the diagonal plane.ﬂf

ﬁ/General Dynamics, AE 61-0961, October, 1061, G awBRiina

2 Lockheed, ER 5388, October, 1961, ‘el

General Dynamics, AE 61-0967, October, 1961, St
Ibid.
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J-2 total gimbal capacity is slightly larger being + 79 in a square and
+ 9.99 on the diagonal. These capabilities seem to satisfy the predicted

requirements.

5.150 The need for hydraulic accumulators in the system would be pre-
sent unless the drive pump is sized to supply maximum need rates (4500
psi). The F-1 actuator system weight is predicted to be about 350 lbs
per engine.

5.151 The J-2 and LR 115 design actuatory packages and hardware are
similar but on a smaller scale (20.9 HP @ 8900 RPM).f‘ﬁ/ Approximate
actuator system weight is predicted at 80 lbs. The major components of
the F-1, J-2, and LR 115 hydraulic systems are:

a. Pump.

b. Reservoir.

c. Servo actuator (piston and cylinder).
d. Relief valves and check valves.

e. Electro servo hydraulic valves.

f. Filter.

g. Fluid.

h. Auxillary pump and meter.

5.152 Both large and small systems should employ an auxillary hydraulic
pump to pressurize the system at stage ignition so the main pump can be
unloaded resulting in minimal turbopump starting torque. Since the hydraulic
system is characterized by numerous plumbing lines and joints, development
of better brazing and flex-line engine connections are applicable but not
demanded in this area. Gimbal reliabilities for the 1.5 x 106 1bs thrust F-1
engine are subject to variation from . 974i(2/ to . 999&/ in the sources
considered. Reliability indices for the two upper stage hydraulic systems
were derived from the Atlas system figures and predicted to be .986 for

late 1965.51/

48/ Ibid.
49/ Ibid.

'S—Q/North American Aviation, Report SID 61-327, October, 1961, Gomm
TR

51
—/General Dynamics, op. cit.
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5.153 In addition to the more popular hydraulic method, there are other
methods of thrust vector control. Their techniques, advantages ,
and shortcomings are discussed here.

Aerodynamic Surfaces

5.154  Aerodynamic fins cause performance penalties associated with
high drag and does not provide adequate control either in the early or
late portion of the trajectory where dynamic pressures are negligible.

Fluid Injection

5.155 Fluid injection techniques are becoming more feasible and show-
ing results with solid engines. The method involves injection of a high
pressure gas into the divergent nozzle section, resulting in an oblique
shock pattern which effectively deflects the thrust vector up to 60,52/
Advantages are the use of non-movable nozzles minimizing the hydraulic
or mechanical problems associated with gimbal techniques.

5.156 Development state-of-the-art is still early, primarily with solid
motors, and is characterized by complex plumbing, injection, and propor-
tional valving hardware. It is an interesting technique and would be well
suited for space requirements as it is relatively insensitive to cryogenic
environments that affect hydraulic systems. It could prove to be a highly
productive technique.

Jetavators and Jet Vanes

5.157 These techniques have proven very reliable on smaller solid
boosters such as Seargent, Pershing, and Scout. But for engines on the
current scale they tend to be heavy and unwieldy. They are subject to
erosion and would not provide effective control toward the later stage of
trajectories of the Saturn size vehicles.

Rotatable Solid Attitude Motors

.

5.158 This technique, along with the secondary fluid injection methods
seem to be the best choices for development as follow-on or second gen-
eration thrust vector control systems. Allison Corp. has done work on
developing a solid motor with a ninety degree deflected nozzle. The
motors rotate as a unit and control forces are provided by rotating them
singly or in sets. In the neutral position, the nozzle is oriented to the
rear and aligned with the main thrust. The motor burns throughout launch
until staging, oriented in the neutral position until control is required .
then rotated by electric or hydraulic means so the sideward thrust provides
the control adjustment.

2</ North American Aviation, op. cit.
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5.159 State-of-the-art development has disclosed inherent system
problems such as: large power requirements for rotating motors of large
thrust (100,000 1bs class), frequency response of large systems, develop-
ment of 900 nozzle of sufficient life, thrust termination, and control sys-
tem development. The system is considered feasible for large first
stages and seems to have less serious developmental problems than other
new thrust vector control systems such as secondary fluid injection.

5.160 The significant advantage is that it also allows the use of fixed
nozzles on the main booster and the thrust vector control system. Also,

during development phases, the firing of the main motor does not have to
be undertaken to test the development of the thrust vector control system.

5.161 Development is in the early stages and seems to be oriented

toward solid boosters. This technique is probably not going to replace

the first stage liquid engine hydraulic system unless some unexpected
usefulness is attained; but it also could prove very feasible as an attitude
control system for periods of thrust (liquid or solid engine) in space after
long periods of exposure to space environments.

'5. 162 If the problem of protecting a hydraulic system against low tem-

peratures for long periods proves insurmountable, the follow-on systems
that appear most promising at the current time are the pneumatic or mechanical
systems followed by therotatable solid grain and the secondary injection technique.

Flight Control Computer Placement

5.163 The typical signal generation methods for the control methods
above would be analog systems that employ various combinations of
amplifiers, modulators, and demodulators to convert the guidance com-
mands into meaningful current to drive the servomechanisms that regulate
the thrust control actuators. Digital systems are becoming operational
but have not been exploited to advantage in the large booster control
area. In a multi-stage vehicle such as the Saturn type Apollo boosters,
there are two choices for setting the requirements for flight control units
electronic capacities. (1) To place the control units for each stage in
the applicable stage and provide only a minimal control system with the
payload; or (2) place all the stage control electronics in a more complex
integrated control computer with the payload. The vehicle control com-
pensation requirements are usually satisfied by rate gyros necessary in
the individual stages but which would provide signals to the upper stage
computer only.

5.164 The calculated reliabilities of the two choices seem to be equally
acceptable. The use of the individual flight control units in each stage is
currently utilized in the Minuteman program. The choice involves such
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parameters as wiring elimination, less switching and phase matching,
and each actuator receiving a more valid signal. The concept has demon-
strated a high level of success in the Minuteman vehicle. There is room

for study in the Saturn-Apollo program of these choices in terms of such

variables as complexity, adaptability, weight, power, checkout integrity,
control and development, and reliability.

5.165 The basic concepts of thrust vector control for the current vehicles
intended for the Manned Lunar Program are attainable in terms of existing
hardware or adaptations of the methods discussed above. The reliabilities
or man ratings consistent for manned flight are also available. The prob-
lems are generally of an engineering nature involving the fitting of state-
of-the-art hardware and methods to the specific vehicle parameters and
mission profiles when they become known or defined by NASA.

Auxiliary Control Rocket Systems

5.166 Besides the main propulsion Cluster, there are at least two other
auxiliary propulsion systems included on the Apollo space capsule and
various mission modules: (1) the very small thrust altitude reaction jet
system, and (2) the larger thrust vernier engine system used for mid-
course corrections and terminal orbital maneuvers around the moon,

5.167 These auxiliary rocket engines and their development problems
really lie within the technical area of propulsion systems; but the results
of these systems are so integrated with the control functions and sy stems

that the major points in their developmental outlooks will be discussed
here.

Altitude Jet Systems i

5.168 There are several methods available to influence the altitude of
a capsule or satellite in free-fall space. However, these other techniques
will be discussed little, if at all, since there are generally not applicable

to the size vehicles and missions present in the Manned Lunar Mission.
Some other techniques are: _

a. Solid mass expulsion (bullets, etc.).
b. Plasma reaction jet.

c. Single axis and spherical flywheels.
d. Solar radiation control vanes.

e. Gravity dipole shape.

53/

Walter Haeusserman, Comparison

of Some Actuation Methods for Alti- |
tude Control of Space Vehicles, IAS Manned Space Station Symposium,
April, 1960.
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5.169 Briefly, it may be shown in the comparison of the electric plasma
rocket and the chemical rocket that the savings of propellant weight due
to the high specific impulse of the electric rocket is partly offset through
the heavy equipment which must be carried to supply the electrical power.
Only over an extended period of thrust will the propellant mass of the
chemical rocket exceed the weight of the auxiliary power supply for the
electrical rocket., In addition, the development of chemical propulsion
has provided considerably more respect, through age, for the chemical
systems.

5.170 Initial design parametersﬁ/ provide that the space capsule and
modules be equipped with a reaction jet system using storable hyergolic
fuels as propellant. The choice of bipropellant hypergolic fuels will re-
quire some further developmental efforts. But, the required solutions
probably are within reach and the advantages in terms of performance,
storability, and handling and ignition characteristics will undoubtedly
offset the requirement for advanced technology. Other choices of fuels
could have included solid propellants, which possess undesirable on-off
throttling over the long term; or monopropellants, which are well suited
to the requirements but require catalyst structures within the chamber,
and sometimes possess undesirable handling and cold start characteristics.

5.171 As design refinements are incorporated, it may be possible to
change to the main propellants, Hz and O3, stored as gas in small tanks.
In fact, Hy is a decent propellant by itself and gives a specific impulse
of 200 seconds if heated to 270©R.

5.172° For effective altitude control, the thrust requirements usually
are under 25 lbs. These low thrust levels are attainable and working

design hypergolic systems are reported down to as low as approximately
11b.23 :

5.173 The actual control of the altitude jets will be through pulse-
counting techniques and not variable throttling. This scheme will result
in at least two complete altitude control systems, one of high thrust (30-
40 1bs) and one of low thrust (6-8 lbs) for fine adjustments. Currently,
the fixed injector valving simplicity is more desirable than the design of
a proportional injector valve with variable flow since difficulty increases
as thrust level decreases.

i%/ Project Apollo Spacecraft Development, Statement of Work—Phase A,
NASA Space Task Group, July, 1961, -SRI

55/ Vickers, Inc., Research and Development Laboratories.
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5.174 The primary objective of the pulse rocket is to produce a very
short time~-width pulse of high repeatability and reliability. Specific
impulse is a measure of efficiency and reflects in the performance-weight
ratio. The desired time width pulses are on the order of milliseconds and
output would ideally be of square wave configuration. These requirements
mean very low ignition delay times and propellant valving located at or
very near the injector.

5.175 With the perfection of short time repeatable pulses, total im-
pulse control is possible by simply calculating the required number of
pulses and counting them at maximum frequency to the propellant inlet
valve. An additional feature is that moderate thrust level adjustment

may be attained through frequency control of the pulsing inlet valve. Very
small pulse units are ideal for minimum limit cycle operation as the smaller
and more accurate the pulse, the narrower are the resultant deadband limits
of the closed loop control system.

5.176 At the current time, laboratory rockets are producing preliminary
results which are very satisfactory. Pulse widths of 10 milliseconds of
generally square wave shape, thrust buildup of about 1 millisecond pre-
ceded by 7 millisecond valve operation times are attainable with a 25 1b
thrust rocket using hypergolic propellants and commercial solenoid com-
ponents, 2 Standard deviations or uncertainties in pulse width and
delay times are not in evidence and it would be assumed that they are
undesirably high since the techniques are still in preliminary stages.

5.177 One of the major areas of concern in smaller rocket engines is
the cooling problem; for engines below 100 lbs thrust the regenerative
cooling technique is of questionable use since the coolant passages
become quite small and restructive. Local wall overheating from non-
uniform coolant flow 1is a hazard. The filling and purging of the coolant
passa:é;es is a major factor why regenerative systems cannot be used on
pulse reaction control since the effect on system response is disastrous.

5.178 In hypergolic engines, using hydrazine as coolant, and having a
shutoff system to reduce the starting and shutdown transients gives rise
to the problem of dissipating the residual heat in the chamber materials
without violent decomposition of the hydrazine trapped in the coolant
passages. There are some suggestions57 to solve these problems, but
they are complicated and would not really justify the effort involve

56/ Conners and Latto, Characteristics of Small Control Rockets, NASA.
ﬂ/ Ibid .
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5.179 Much better return on effort is available and demonstrable in small
rocket cooling in the areas of ablation and radiation techniques. Very small
thrust engines (0.5 to 1.2 1b) do not have heat transfer problems and have
been tested:r@/ for prolonged periods without throat erosion which is ex-
tremely undesirable in altitude control, since throat erosion is related to
thrust variation. A problem area could easily develop in small rocket cool-
ing if rockets on the order of 50 to 100 lbs thrust are deemed necessary for
space vehicle altitude or vernier engine use for time periods that would pro-
duce heat transfer problems.

5.180 In retrospect, the area of small hypergolic liquid rocket systems
needs additional effort in order to meet the mission requirements, but pre-
liminary laboratory results seem to point out that solutions are within rea-
sonable reach and will be available within a year or two.

Vernier Velocity Engines

5.181 The larger vernier engines which are to be used for midcourse
manevers and technical lunar maneuvers are also stated in the previous
referenceig_/ to be hypergolic engines but if much larger size (approximately
3000 fps capability). Engines of this size should be no particular problem,
but this is entirely a propulsion problem and will be left to that technical
area. The vernier engines will have gimbal systems which will provide
thrust vector control for midcourse maneuvers, lunar maneuvers, and the
lunar take off. These hydraulic problems are discussed in the previous
discussions and the section on flight disturbance control.

28/ R and D Labs, Vickers, Inc.
59/ NASA Statement of Task for Apollo—Phase A.
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CONTROL PROJECT C-1
FINE GRAIN WIND STRUCTURE DETERMINATION

Task Statement. Improve techniques for quick evaluation of fine grain
wind structure to altitudes of 60,000 ft.

Justification. Wind moments are the source of greatest loading onthe
booster vehicle. Wind gust data and vehicle stability are prime in-
puts to the choice of gain rates and deflection capabilities of thrust
vector control systems. Methods of insuring that the fine grain gusts
are actually below predicted velocities just prior to launch are required
along with wind data to further adapt control systems to actual con-
ditions.

Present Status. Present radiosonde balloon predictions are based on
fairly rough grain wind envelope structures. Smoke trail rocket sys-

tems are showing improvements in solving this problem for altitudes of
1000 to 50,000 ft, but data reduction of information is too slow. Pos-

sible Air Force radar—high pressure ballon techniques hold some merit
in this area.

Criticality. Methods should be refined before flight tests on the large
Saturn boosters get underway on a large scale.

Applicability. Methods of this type will also provide volumes of data
input to allow follow up control design to cope more effectively with
large variances in wind gust and the resultant disturbances on large
boost vehicles:

Earth Launch and Orbit Mission.
Reference. Analysis of Control, paragraphs 5,128-5.133,
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CONTROL PROJECT C-2

BOOSTER CONTROL REQUIREMENTS
FOR WINGED PAYLOADS

Task Statement. Determine the control system parameter dealing with
the techniques to stabilize and control a booster carrying a winged
payload.

Justification. Studies have indicated that Saturn boosters will be
capable of launching earth orbital or translunar winged payloads.

Present Status. Current work does not evidently consider stability
analysis and wind envelope effects associated with winged payloads
as inputs to Saturn control system design.

Criticality. To be most effective, this information should be generated
before Saturn systems are frozen, but it depends on the decision to use
winged payloads with Saturn vehicles.

Applicability. To any winged payload program; all missions.

Reference. Analysis of Control, paragraphs 5,130-5,133, 5.102, 5.105.
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CONTROL PROJECT C-3

ULLAGE CONTROL TIME PARAMETERS FOR
LIQUID ENGINE STARTABILITY

Task Statement. Determine time frames and ullage forces required for
engine startability under zero g; and determine the maximum zero g

time frame under which an engine may be started without external’ ullage
control necessary.

Justification. Because of floating fuel at zero g, engine startability is
affected. Longer periods of ullage thrust are capable of perturbing a
flight path to a small extent, Unnecessary ullage control at staging
sequences incurs reliability and weight penalties at liftoff.

Present Status. No evidence of work concerning maximum coasting
time without ullage control at staging. Work available on g level
required but no evidence of correlation with time frame of application

required or effects of vibration or spin on ullage control for engine
start. '

Criticality. The values and relationships are needed to provide a
maximum reliability for orbital starting but not to incur weight penal-
ties for more ullage control systems than are necessary.

Applicability. To all staging, orbital launchings and midcourse cor-
rections utilizing restartable liquid engines.

Reference. Analysis of Control, paragraphs 5.25-5,28, 5.45, 5,46,
5.136, and 5.143,
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CONTROL PROJECT C-4
ATTITUDE JET RELIABILITY AND REDUNDANCY STUDY

Task Statement. Examine thrust ratios, redundancy requirements and
capabilities of attitude control system to reduce present system weight
and provide guidance for follow on variable thrust systems.

Justification. Hypergolic variable thrust systems are in basic develop-
ment. Present attitude jet systems are over redundant and have
moderately high but questionable reliability.

Present Status. HO; system redundancy on the Mercury capsule
provide for 18 attitude nozzles. System manufacturer gives relia-
bilities as 88.7% and 90.48% for the automatic and manual systems
respectively.

Criticality. The work should be completed in time to be used in
development of follow on systems for Gemini or Apollo earth orbital
testing prior to lunar landing sequences.

Applicability. Extremely high applicability due to the requirement

for attitude control in all manned flights and in an increasing num-
ber of probes.

Reference. Analysis of Control, 5.36, 5.39, 5.41, 5.170-5,180.,
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CONTROL PROJECT C-5

ENGINE THRUST UPRATING TECHNIQUES
FOR ENGINE OUT CONTROL VEHICLES

Task Statement. Learn to upratie single engine thrust in order :o
replace lost thrust from an engine-out control command.

[

Justification. Engine-out systems are of questionable mission value
unless engine output can be uprated, payload reduced upon loss of an
engine in the cluster, or the missio:: can be accomplished in the
reduced thrust mode.

Present Status. Engine-out systems are operaticnal. Thrust uprating
techniques have not developed since engines are usually operating
near or at their limits for present missions.

Criticality. Would be highly desirable in second stage engines su.
as the M-1 which is still in design phase.

Applicability. To all liquid engine boosters designed for engine our
systems, applicable to all missions.

Reference. Analysis of Control, 5.106-5.111.
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CONTROL PROJECT C-6

ENVIRONMENTAL PROTECTION FOR
HYDRAULIC CONTROL SYSTEMS

Task Statement. Study environmental protection for hydraulic control
system components to insure initial reliability after long periods of
spacial temperature and vacuum environments.

Justification, Hydraulic systems are required to operate accurately
and reliably in the lunar flight plan after 12 to 175 hours spacial
exposure.

Present Status. Present designs consider electrical or insulation
protection; both are either unreliable or demand too much electrical
power.

Criticality. Must be available for orbital rendezvous test flights.

Applicability. If economical protection procedures are available, the
solutions would be applicable to all orbital or spacial controlled
missions. If environmental problems are insurmountable, results
would provide input for follow on pneumatic or mechanical system
design.

Reference, Analysis of Control, 5.63-5,67, 5.123=5,125, 5,146, 5.162.
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CONTROL PROJECT C-7
EARLY BOOST ROLL CONTROL STUDY

Task Statement. Study roll control servoamplifier low gain limit cycle
for Saturn vehicles with roll control moment coefficients from 12 to 70.

Justifcation. High roll control moment coefficients tend to produce roll
overcontrol at initial boost.

Present Status. Saturn SA-1 launch evidently had no problem but it was

a very early flight test launch. Atlas configurations have problems in
this area.

Criticality. Early roll orientation is of essential value in determining
accuracy of program into orbit injection.

Applicability. To all vehicles requiring roll control in ascent:

Earth Launch and Orbit Mission
Reference. Analysis of Control, 5.23 and 5.24.
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CONTROL PROJECT C-8
ATTITUDE DRIFT CORRECTIONAL IMPULSE EVALUATION

Task Statement. Evaluate the feasibility and philosophy between
incremental and semi-continuous attitude drift control for different
orbital transfer missions so that some basic tracking, guidance,

and control system parameters may be evaluated for minimum weight
to meet mission requirements

Justification. Orbital transfer mission vehicles are prone to large
inherent attitude drift while in unpowered sequences. In some instences
almost continuous attitude control is more feasible than large increrental
control, Other systems could depend on continuous attitude control to

replace some of their servo capabilities thereby reducing weight and
power requirements.

Present Status. Present thought favors incremental control for most
missions. This is probably justified although no orbital transfer
shots have been fired yet. Any orientation system will satisfy the
needs of orbital transfer whether it is the best solution in terms of

weight, fuel, and system interaction is the unanswered problem at
hand.

Criticality. All early lunar shots using rendezvous techniques will
use orbital transfer sequences. These early shots will also have
the most rigid weight constraint.

Applicability. To all orbital transfer operations, and could be extended

to space flight drift control.

Reference. Analysis of Control, 5.30 and 5.32.

215




1.

6.

CONTROL PROJECT C=9

NON-SPIN ATTITUDE CONTROL REQUIREMENTS
PRIOR TO SPACIAL RESTARTS

Task Statement. Determine the degree of angular orientation accuracy
required of the attitude control system so that upon restart the gimballed
vector control components can make final closed loop adjustments with
a minimum of thrust deflection and structural bending interference.

Justification. Due to the many restarts resulting from orbital transfer

‘orbital launch, and midcourse corrections, there could be unnecessary

fuel and weight penalties associated with requirements which are too
strict or too broad in relation to the initial attitude of the vehicle.
Bending mode disturbance will be present in orbital launch and early
midcourse corrections; these should be considered in setting the
desirable ievels and rates of deflection on the gimballed engines at
ignition.

Present Status. Current investigations do not isolate this area of study
in terms of the required mission or the number of restarts required fc.
the mission. Bending modes of orbital launch vehicles joined at the
midsection in orbit, have not been analyzed for adverse responses 1o
thrust vector control rates and angles upon orbital ignition.

Criticality. Knowledge of the above values should be ascertained ba’are
orbital transfer, and rendezvous or docking mission are undertaken c:nce
each is characterized by spacial restarts.

Applicability. All phases of lunar or planetary exploration, both
manned and unmanned, are dependent upon midcourse restarts for
trajectory corrections.

Reference. Analysis of Control; 5,29, 5.44, 5.47 and 5.48.
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CONTROL PROJECT C~10

UPRATING CONTROLLABLE VARIABLE THRUST RATIOS
IN LIQUID FUELED ENGINES

Task Statement. Uprate controlled thrust ratios of 50:1 to 100:1
range for liquid engines of moderate (100,000 1b) thrust level,
utilizing liquid propellants that will store for at least 60 hours
to enhance successful lunar manned rocket landing.

Justification. Present fixed thrust retro systems are unable to
provide reliability and reproducibility of thrust to provide safe
lunar manned landing. Present variable thrust engines have low
thrust ratios for a single stage automatic lunar landing.

Present Status. Present development has yielded thrust ratios of up

to 25:1. Use of manned control systems may allow successful landings
with less than 50:1 thrust ratio. Two stage landing systems will reduce
required thrust ratios; and in turn reduce reliability.

Criticality. Should be developed for automatic soft unmanned lunar
landings and subsequent manned landing.

Applicability. Manned and unmanned soft lunar landings, possible
extension into velocity midcourse control.

Reference. Analysis of Control, 5.71-5.75 and 5.77.
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CONTROL PROJECT C~11

. CONTROL SYSTEM ASPECTS OF SLOSH SUPPRESSION IN
LARGE DIAMETER PROPELLANT TANKS

Task Statement. To determine the feasibility or need for dependence

upon the control computer for slosh damping response through struc-
tural loading feedback signals.

Justification. Liquid propellant systems are prone to liquid slosh

instability during ascent motion. Small diameter tanks rely on internal
damping devices to provide slosh suppression. Large diameter tank

‘suppression devices may not provide acceptable action or may incur

weight penalties which would cause a shift of technique to control
system feedback stability similar to structural bending stability
control.

Present Status. Internal devices are capable of acceptable suppression
without major control system interaction for tank diameters up to' 120
inches. Saturn single tank models would probably range to 350 or 400

“inches in diameter if fabrication methods became more capable. FY 61

and 62 funding includes many fabrication and materials studies leading
toward better large tank fabrication methods.

Criticality. The outputs of this study should be examined to proﬂde
guidance as soon as'possible toward continuance or cancellation of

-expenditures to fabricate large tanks; and inclusion, if required, of '

sloshing parameters into control systems now in development to be
ready for large-tank vehicles.

Applicabiliﬂ Earth launch and orbit missions for large liquid boosters.
Possible extension into the orbital launch missions for liquid propellant
vehicles. " . -

Reference. Analysis of Control paragraphs 5. 14Sj 5 1450, —. _.
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APPENDIX B, MISSION DEFINITIONS

INTRODUCTION

B.1 The ultimate primary mission of the manned lunar mission is
the safe passage of a manned vehicle to and from a lunar landing. How-
ever, prior to accomplishment of this mission, there are other primary
missions to be accomplished falling into the cislunar, circumlunar, lunar
orbit, and finally lunar land categories. Each mission is a sequence of
events that have been grouped together toform secondary missions.

B.2 Table B.1, is a Primary Mission/Secondary Mission/Event Matrix
which also shows the difference between the mission event sequencing of
direct and interrupted flights.

B.3 This Appendix defines the secondary missions, the basic units
with which the technical areas of the manned lunar mission were analyzed.

Earth Launch and Orbit

B.4 This mission is defined as the transfer of a payload from the
earth surface into a low altitude orbit. The need for first placing the
payload on this low altitude "parking® orbit is justified by the following
considerations:

a. Many of the propulsion systems to be made available
within the time frame 1960-1975 will lack the capa-
bility of placing a manned vehicle into a direct lunar
trajectory. The vehicle must first be assembled
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operations, to be discussed later, are best
accomplished when the mating parts or vehicles
are first placed in the parking orbit.

b. Favorable conditions for launching a vehicle
possessing adequate propulsion systems into a
direct earth-moon trajectory occur very rarely.
Launching into a parking orbit offers almost a
daily opportunity of initiating a lunar flight or
of effecting orbital rendezvous according to a
predetermined sequence.

B.5 Successful launching and placement of a payload into a parking
orbit is contingent upon the solution of a number of problems. This in-
vestigation will discuss only these problems associated with the opera-

tion of the systems intrinsic to the launch vehicle during the duration of

the mission. These problem areas involve the structure of the vehicle,

the operation of its guidance and control systems, communications between
vehicle and earth stations and so on. Excluded from consideration in this
study are (a) problems which may arise before the initiation of the mission,
that is, before launching (prelaunch planning, check out, countdown, etc.);
(b) problems involving exclusively earth based systems (communication
between earth tracking centers, earth based data processing operation, etc.);
(c) problems directly associated with the design, operation and reliability of
the vehicle propulsion systems, except insofar as the effects of the environ-
ment generated by these propulsion system (aerodynamical, acoustical or
thermal stresses) on the components of the vehicle.

B.6 On the basis of the preceding considerations, the launch mission

may be considered to begin on the launching pad. The limited number of
launching pads now available at Atlantic Missile Range may prove to intro-
duce serious problems in fulfilling missions requiring a rigid schedule of
launching, for instance, the assembly in space of many components or the
sustained resupply of a large lunar base. The location of launching facilities
also generate problems affecting the mission requirement. For example, the
inclination of the lunar orbital plane will be approximately equal to the latitude
of AMR on or about 1969. At that date, opportunities for launching vehicles
within the lunar orbital plane will occur daily at Cape Canaveral. The situa-
tion will deteriorate during subsequent years until 1978, when launchings

from AMR will require, at least a 10° dogleg maneuver to bring the vehicle
within the lunar orbital plane. The mission will thus be penalized by increased
guidance errors and fuel requirements. Ideal conditions would be restored by
having launch facilities at the proper latitude, say Puerto Rico. Considerations
of the effect of location and availability of launch facilities, however, cannot
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be discussed in detail at this stage. It will be assumed that ideally
located launch sites are available as needed by the NASA mission.

B.7 The launch facilities requirements vary greatly with the fre-
quency of the launchings dictated by the mission. It is anticipated that
NASA ultimate objectives, that is, the type of manned lunar mission can
be defined at some future date in order to make it possible to integrate
these problems into the general investigation.

B.8 Termination of the launch mission is defined as the moment when
the earth launched vehicle is injected into a lunar trajectory or into a
Hohmann transfer orbit for subsequent rendezvous with the orbiting platform.
The problems associated with these tasks are discussed in a subsequent
section.

B.9 The launch-orbiting mission is subject to a number of basic
requirements imposed by the nature of the lunar vehicle. These require-
ments involve primarily (a) the altitude of the parking orbit as well as
the accuracy with which this orbit must be achieved and (b) the payload
to be placed into the parking orbit.

a. It is shown, in the discussion of the orbital ren=-
dezvous mission, that the altitude of the earth
orbiting station must be in the neighborhood of ,
300 nautical miles to reduce aerodynamic drag
and minimize the radiation from the Van Allen
belts. In order to reduce the hold off time on the
parking orbit, the altitude of the latter must be as
low as possible, consistent with a reasonable
vehicle life. A parking altitude of 100 nautical
miles is generally considered as the best com-
promise between these opposite requirements.

b. The payload of the lunar vehicle varies from an
absolute minimum of 15000 lbs to several hundred
thousand pounds, depending upon the nature of
the manned capsule and the mission requirements.
The minimum refers to the weight of the Apollo
capsule, injected into a ballistic circumlunar
trajectory with ballistic reentry into the earth
atmosphere. This payload does not provide for
midcourse maneuvers, almost certainly required
for placing the vehicle into the proper circum-
lunar entry/exit corridor; to insure ballistic earth
capture on the return leg as well as restricting the
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landing area to locations where the capsule can

be reliably recovered. The fuel requirements for
these midcourse maneuvers may be slightly less

if the manned capsule has lift capabilities (winged
payload).

B.10 The payload is increased to approximately 125,000 lbs for an
Apollo capsule with lunar landing and takeoff capabilities, and to still
higher value if midcourse maneuvers have to be provided for. The pay-
load, of course, determines the severity of the problems associated
with the launch missions.

Orbital Rendezvous

B.11 This mission consists of bringing a vehicle (chaser) in close
proximity to an earth orbiting body (target) for the purpose of transferring
fuel or crew from one vehicle to the other, assembling a more complex
structure, inspection of a vehicle, and so forth. The rendezvous mission
will concern either an earth launched vehicle (outbound rendezvous) or a
vehicle on the return leg of the lunar trip (inbound rendezvous).

B.12 The rendezvous mission is considered to be initiated at the time

the chaser acquires the target, at which time a sequence of tracking, data
processing and guidance operations is initiated. The mission terminates
when chaser and target are in such close proximity that the guidance sys-
tems cease to operate and inertial or mechanical docking maneuvers are
initiated. In rendezvous missions it is assumed that the major maneuvering
capabilities are restricted to the chaser; control and other minor maneuvering
can be conducted by both vehicles.

B.13 Three modes for directing the chaser to the rendezvous are con-
ceivable:

a. The tracking and guidance functions are performed
by the orbital element (target) and decisions com-
municated to the maneuverable chaser. -

b. 'i'hese functions are performed by the chaser itself.

¢. The brimary guidance is performed by ground based
stations. The command decisions are communicated
to the chaser.

Each of these modes introduces various tracking, data proces sing and
communication problems, whose impact may be expressed in terms of
cost/accuracy/reliability trade~offs. Only when the ultimate objectives of
the manned lunar mission have been defined will it be possible to assign
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a relative value to trade-off constituents such as cost and reliability,
and will it be possible to select the most desirable technique.

B. 14 Outbound rendezvous missions are an integral constituent of a man-
ned lunar mission based on Saturn launch vehicles, which have no capa-
bilities for direct lunar flight. Inbound rendezvous missions have a more
remote (second generation vehicle) applicability since the manned Apollo
capsule will probably be designed for ballistic reentry into the earth
atmosphere., However, the study of inbound rendezvous missions cannot
be summarily set aside until it is conclusively proved that the manned

capsule can be safely guided into an earth capture orbit and reliably
recovered by ground support activities.

B.15 Basically the problems raised by inbound and outbound rendezvous
missions are similar. However, the problems of target acquisition, tracking
and guidance for inbound missions may prove to be the more severe, unless
the earthbound vehicle can be directed into the orbital plane of the target
and unless the velocity vectors of the two vehicles can be adequately

matched. These requirements are considered in the section devoted to the
lunar launch missions.

B.1l6 Orbital rendezvous missions are subject to a number of basic
requirements imposed by space flight mechanics, by the characteristics
of the vehicles and by the nature of the lunar mission. A few of these
requirements are considered in the following:

a. The altitude of the earth orbiting target is limited
toward high values by the atmospheric drag which
in turn decreases the accuracy with which the
orbit ephemeris can be determined. Higher altitudes
also increase the detection range of ground tracking
stations. However, the altitude is limited by the
effects of Van Allen radiations on the target, vehicle
and crew. The accepted rendezvous altitude appears
to lie in the neighborhood of 300 nautical miles,

b. The optimum trajectory between parking and target
orbit in outbound rendezvous on the basis of fuel
economy, is the Hohmann transfer orbit. This trans-
fer, however, can be initiated only when the two
vehicles are in the proper positions in space. The
waiting period for such condition to occur increases
the energy requirements for tracking or communications
and generally increases the probablility of failure of
the mission, all the more so when several rendezvous
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must be achieved before orbital launch. In inbound
rendezvous missions the problems are compounded
by the potential effects of Van Allen radiations on
the manned capsule if the latter is parked on an

orbit of higher altitude than that of the target.
Analysis of rendezvous missions should thus pro-
perly include consideration of the trade-off between
increased fuel requirements for non~-Hohmann transfer
and penalties resulting from the degradation in mis-
sion reliability.

c. The reliability of the entire lunar mission decreases
as the number of rendezvous required to assemble or
refuel the lunar vehicle increases. This analysis must
include a study of means for minimizing the effect of a
rendezvous failure on the entire operation.

Orbital Docking

B.17 Orbital docking is the mating of two vehicles in space to form

an assembly that subsequently acts as a single vehicle. The docking,
technique may consist of the mating of major assemblies of vehicles, or

it may be nothing more than the interconnection of two vehicles by a cable,
device or a subassembly. However, there must be no relative motion of
one vehicle with respect to the other. Chronologically, orbital docking
begins when terminal guidance in rendezvous ends; it ends with the

mating of the two vehicles under consideration.

B.18 Orbital docking is a mandatory prerequisite to fuel, man or
equipment transfer between orbiting space vehicles. It is a mission that
must be proven to be successful before more sophisticated orbital missions
can be undertaken.

B.19 If the lunar mission is to be undertaken by direct flight, orbital
docking need not be accomplished. However, it is very possible that an
indirect or interrupted route will be utilized in which the launch vehicle
will require refueling at some orbital station. Thus, orbital docking could
be an extremely important maneuver within the lunar mission.

B.20 During the docking operation, the main propulsion engines of
vehicles will be off. The vernier and attitude control engines will be
operational; the status of these engines will be dependent on the final
adjustment of vehicle velocities and final orbital alignment between
vehicles necessary for docking. When docking begins, the relative
velocity between the two vehicles should be at a minimum. Terminal
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guidance should have aligned the vehicles such that orbital misalignment
in the radial direction, and axial angular misalignment is insignificant.
Mitigation equipment will decrease contact shock to either of the vehicles
to an insignificant value. The torques resulting from angular misalignment
of mating vehicles should not affect either vehicle or the combined assem-
bly in pitch, roll, or yaw. The docking operation is a comparatively short
orbital maneuver; docking time should be in the order of a few minutes.

B.21 During final phases of docking, the vehicles will probably be too
close for radar tracking to be accurate; therefore visual (television) or
photoelectric tracking and control for final alignment will probably be
utilized. Communication between vehicles will be telemetered; audio-
radio will also be used if both vehicles are manned. Although the dockinc
procedures will probably be automated, the crew should be able to dock
manually and control final docking procedures. As the vehicles come to-
getner, the manned vehicle, whether it be the target or chaser, should be
able to control the unmanned vehicle. The distance between vehicles,the
closing rate, and the orbital angular and axial misalignments will be
monitored as often as possible; this information will be analyzed by the
guidance system so that final control can be incorporated and/or the
mission could be aborted if dangerous conditions exist. If both vehicles
are unmanned, these data will be telemetered to the monitoring ground
station for subsequent commands.

B.22 Following the coupling of the vehicle, the vehicles should have
automatic checkout to assure that connections at the interfaces between
the two vehicles have been made properly. It should be possible to check
out both manned and unmanned vehicles from the manned vehicle. If both
vehicles are unmanned, the checkout data will be telemetered to ground
stations.,

B.23 Orbital docking will probably occur at altitudes approaching 300
nautical miles above the surface of the earth. The docking missions
should be reliable in spite of the environments in which docking will occur
and the vehicles will have undergone prior to docking.

Orbital Transfer.‘ Assembly, Repair, Maintenance and Checkout

B.24 Transfer: Orbital Transfer is the movement of men (crew), fuel,
or equipment from one orbiting vehicle to a second. It will occur between
mated or non-mated vehicles, but the vehicles will have to be docked—the
relative velocity between the vehicles will have to be zero. This need not
.occur as an earth orbit maneuver; it could occur in a lunar orbit or in
traverse between moon and earth. Transfer of various items will evolve

different problems, although many problems will be common to all transfers.
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B.25 Assembly: Orbital assembly is the construction of a vehicle, or
portion thereof, in space. It can be accomplished by various means: the
docking or mating of various assemblies in space resulting in new assem-
blies, or by the construction in space of assemblies using various manufac-
turning and assembly techniques. Parts would be delivered to the assembly
site by other vehicles. Orbital construction would probably not be con-
sidered in the near future missions except for a minor assembly in a vehicle
could carry all necessary parts.

B.26 Repair: Orbital repair is the repair in orbit of any equipment or
device found to be inoperational or unreliable by orbital checkout, visual
observation, or through detection by an alarm system. Orbital maintenance
is the servicingin orbit of equipment at prescribed intervals. Items requiring
such maintenance would be the environmental control system, such as cool-
ing and heating, nitrogen and oxygen, and pressurization; the vehicle Sys-
tems, such as power distribution, guidance, control, propulsion, insulation
seals, and communications; and life support systems, such as food, liquid,
waste disposal, and living quarters. Not only does repair and maintenance
apply to own vehicle, but to other vehicles that may dock or rendezvous
with the repair vehicle such as in the repair and maintenance of lunar launch
vehicles at orbiting launch platforms.

B.27 Checkout: Orbital checkout is the operation by which a component
or system is checked for operational readiness. This is usually accomp-
lished by stimulating the system, noting its response, and comparing this
‘with a pre-established value. These values usually have maximum and
minimum limits, outside of which the system is considered to be inopera-
tional.

Earth Orbital Launch (Translunar Injection)
and Translunar Flight

B.28 Earth orbital launch is concerned with the successful launch of
the space vehicle and its boosters from earth orbit through escape velocity
toward moon capture or landing trajectory. On initial flights, the space
vehicle will launch directly from a parking orbit; on later flights the launch
will probably be made from an orbiting launch facility with some type of
physical connection between the two. For definitive purposes all orbital
sustenance such as fuel transfer, repair, or adjustment will be terminated
before final checkout (countdown) and launch. The actual orbital launch
will be considered under way as soon as countdown results in booster igni-
tion. The mission will be considered terminated upon injection toward the
desired conditions of lunar arrival, whether it be flyby, orbit, or entry for
subsequent landing. Translunar flight was not considered as a separate
mission because any trade-offs or requirements for midcourse and terminal
flight-path correction are directly related to orbital launch accuracy.
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B.29 The orbital launch platform is considered economically feasible

for repair, adjustment and checkout of the somewhat sensitive and not too
stable space craft, instead of throwaway and replacement of entire vehicle
stages. The platform is also useful because it will result in a marked.
decrease in lunar vehicle weight at launch. The power supply and checkout
components necessary for lunar launch may remain with the platform. Since
earth booster size has restricted the early lunar program to proposed assem-
bly and fuel transfer in orbit, the platform serves as a "workshop" for the
completion of these techniques prior to checkout and orbital launch.

B. 30 Whether or not there will be physically locked contact between

the platform and the vehicle at launch ignition remains to be investigated.
Ignition-abort studies on earth have shown that mission reliability rises
significantly if physical control (hold down and monitor) can be extended

3 or 4 seconds after main stage ignition. This would be a complex problem
while in orbit, but a recovery system to slow and recover the craft should
be within the capabilities present should the launch be aborted immediately.

B.31 All problems associated with systems and components will be
accuracy problems at orbital launch. An attempt will not be made in this
discussion to calculate allowable error for applicable systems at launch.
However, it may be noted that the diameter of the moon subtends only 30
minutes of arc when observed from the orbiting platform. Trajectory will
involve 240,000 miles line of sight and approximately 60-70 hours flight
time. It can be seen that time drift error and prediction error will both
contribute significantly to terminal error displacement.

B.32 The orbiting launch platform will be considered to have its
ephemeris characteristics well established for initial reorientation of
the vehicle inertial system. Any docking impulse to the platform can
disturb the prevading momentum and require re-establishment of the
platform ephemeris by earth tracking and computation. Several hours
are required for this re-evaluation (4 to 5) but the more the better (10
plus), considering the required accuracies involved.

B.33 The final launch window available from earth orbit toward the
moon is a very important consideration and is directly concerned with
many trade-offs of accuracy versus propulsion capacity requirements.
The launch time frame available during 10 of orbit arc traverse in 300
mile orbit is 15 seconds. The final launch window will probably be some
fraction of this.

B. 34 If the vehicle remains in zero 'g' conditions prior to launch,
propellant venting must be monitored to insure that only vapor is vented
and that the vents do not provide errant attitude impulse.
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Lunar Orbit and Landing

B. 35 Lunar Landing is concerned with the actual landing of the space
vehicle at a desired point on the surface of the moon. The landing mis-
sion will originate from a lunar orbit or possibly from a direct trajectory.
Any landing maneuver which directs the space craft toward the surface will
initiate the mission. The task is completed when the space craft is at
rest at the desired point on the moon's surface.

B.36 There are several problem areas associated with such a mission.
First, assuming that there has been adequate intelligence acquired about
the moon crust, to pick a landing field and several alternate sites, or at
least to give the crew a measurable criterion for picking their own site,
there will quite surely be large circular error about any target area which
requires correction to facilitate landing. This demands the space craft
to be capable of displacing more-than-negligible lateral distance while
in areverse configuration and quite possible applying full retro thrust.
All these capabilities operating concurrently while in a "back-down" con-
figuration place high demands on the guidance, control, and propulsion
system.

B. 37 Whether or not a human link is to be included in the terminal
landing sequence is unknown at this time; a TV landing display would
serve as visual back-up for terminal landing if the structure of the crust
is not of such a dusty character that it would attenuate all lunar or
electronic observation upon terminal landing sequence.

B.38 The problems involved in landing a manned vehicle vertically
on unknown and unimproved terrain could be critical and will require
capable fact-finding in most technical areas covered in the study.

Lunar Launch and Transearth Flight

B. 39 The goal of the lunar launch mission will be to successfully inject
the space craft into earth-bound trajectory for platform rendezvous or re-entry
orbit and surface landing. The requirements for and the type of lunar launch
.depend on the intended mission of the vehicle. Figure B.lshows the various
lunar launch capacities required in terms of a particular lunar goal. All
three lunar goals will be attempted at different times in the manned-lunar
program. For the present, at least, the possibility of lunar orbital ren-
dezvous will be considered as beyond the expectations of the present
program. Examination of Figure B.1 showsthat lunar flyby or circumlunar
flight are the least demanding of the three goals in terms of an actual

lunar launch. Manned flyby will be discussed only to the extent that there
will be probable trajectory and velocity corrections taking place which are
considered to be the extent of "launch" requirements.
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B. 40 Lunar orbit re-injection toward earth will be a major characteristic
of the two remaining programs. This operation will be quite similar to the
earth orbital launch only without the support of the orbiting launch platform
and the ground support tracking complex. All components to determine initial
orbital launch predictions will have to be carried on board and subject to

the 60-70 hour flight environment from earth. In this mission, accuracy
requirements become almost overwhelming and the necessity for reliable
accuracy trade-off studies are great.

B.41 The remaining lunar launch possibility is launch from the surface
of the moon to direct trajectory or lunar orbit. For the time being, this
discussion will not include requirements arising from a choice of either
flight path, but only of general area problems involved in launch itself.

B.42 Lack of information pertaining to the surface stability and com-
position of the moon crust allow imaginative reflection upon requirements

of a 50-75,000 1b (earth weight) space craft at rest on the surface. Whether
the space crew could be called an to erect any primitive launch pad remains
to be investigated.

B.43 Guidance systems should be realigned prior to launch. Since the
probable circular landing error on the moon will be quite large, some type
of geographical or spacial orientation will have to be established for moon
to earth guidance prediction computation. The remaining general problems
will be similar to those associated with earth launch although complicated
by the primitive environment and stringent accuracy requirements. The
problems arising from mechanical, acoustical, and thermal stress at take-
off will undoubtedly be less severe than at earth launch and should not pre-
sent particular difficulties at that time.

B.44 The lunar launch mission will terminate when thrust is expended
by the space craft as it nears the earth in order to impinge toward earth
orbit for rendezvous or re-entry maneuvers.

B.45 As the space craft returns to earth it has the choice of direct and
immediate re~entry or assuming an earth orbital course. Once the orbital
course is chosen, the craft may orbit alone prior to ballistic re-entry or
may attempt rendezvous with the still orbiting launch platform.

B. 46 The simplest, but most adverse, course is direct re-entry.
Manned survival would seem to be questionable after considering direct
impact with the earth's atmosphere at approximately moon escape velocity,
also target circular errors would be so large that capsule recovery might
require a monumental coverage of part of the earth's surface.
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B.47 Assumption or orbit would require some thrust capability to retro
and drop into chosen orbit attitude. Then a final retro thrust capability

to drop into re-entry at the proper time similar to the proposed Mercury
capsule flight program. It is not proposed to calculate energy require-
ments for re-entry paths at this time, but an approximate negative velocity
change would be required to retro into earth orbit upon termination of moon-
earth inter-orbital flight. Timing and guidance requirements would not be
necessarily so strict as for either direct re-entry or orbital rendezvous.

B.48 As mentioned previously, inbound rendezvous requirements are
most severe since the maneuver involves matching earth orbital planes
and orbital velocities.

B.49 The terminal flight path of the space craft must be rigorously
analyzed for accuracy/reliability/propulsion capacity trade-offs. It is a
very critical area in terms of success of the entire man-lunar mission.

Earth Re-entry and Land

B.50 Re-entry of a lunar mission launch vehicle is the return of the
vehicle into the earth's atmosphere from earth orbit, an earth orbiting

launch platform, or from the moon following transearth flight. It includes

the orientation and control of the launch vehicle in the earth atmosphere such
that the re-entry and subsequent landing will occur at the desired location

at the desired time,

B.51 Re-entry results from propelling the launch vehicle toward the
earth, or by slowing down the vehicle to below orbital velocity as it
orbits or passes by earth, such that the vehicle will be attracted to the
earth by gravity. Re-entry begins when the vehicle is earth bound and
obligated to land; it ends with successful landing of the vehicle.

B.52 A re-entry vehicle may be nothing more than a manned ballistic
space capsule relying entirely on gravity for earth bound propulsion or it

may be a self-propelled space vehicle capable of extensive flight within

the earth's atmosphere until landing is desired. In first generation

vehicles ballistic techniques will be used; an L/D of 0.5 has been designated
for the Apollo vehicle.

B.53 Before re-entry is initiated, a complete checkout of the vehicle
systems to be utilized in re-entry should be conducted prior to release
from the earth orbiting launch platform or during the translunar flight,
depending on the route of return travel. A continued monitoring of the
earth's movements will have to be maintained in order to ascertain the
most desirable re-entry characteristics and tactics. If re-entry is to
occur following flight from the moon, maneuvering of the vehicle to attain
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the desired re-entry corridor will take place during this long flight (240,000
nautical miles/60-70 hours). An important consideration in this maneuvering
will be the conservation of fuel. Monitoring of the earth's movements would

be a responsibility of the orbiting launch platform if re~entry is to occur from
this vehicle.
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